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CHAPTER 1

METABARCODE SEQUENCING FOR FECAL DIET ANALYSIS; MOLECULAR
SCATOLOGY OF JUVENILE RAINBOW TROUT/ STEELHEAD USING A SHORT
COI AMPLICON
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ABSTRACT
Metabarcode Sequencing for Fecal Diet Analysis; Molecular
Scatology of Juvenile Rainbow Trout/Steelhead Using a Short
COI Amplicon
Bryan Van Orman
Master of Science in Environmental Science
2022
The collection of feces from awake or anesthetized individuals is often less
invasive, less time-consuming for samplers, requires fewer sampling supplies, and is
more scalable than many traditional techniques when studying living organisms. To
improve best practices, we investigate DNA metabarcoding as a technique for producing
diet information from juvenile rainbow trout/steelhead (Oncorhynchus mykiss) feces.
DNA metabarcoding may be more sensitive for prey detection and return higher
taxonomic resolution for characterizing the diverse diet of this special status species. We
tested universal primer pairs targeting short segments of the cytochrome c oxidase I
region of the mitochondrial genome. Non-barcoded candidate primers were tested on
DNA from individual prey through PCR trials before being applied in an amplicon
sequencing pipeline to analyze artificially constructed mock communities of prey as well
as juvenile O. mykiss GI tract samples. A primer-like DNA blocking oligo was designed
and tested for its functionality as a PCR-additive to improve assay efficiency by limiting
non-specific binding of universal primers to predator DNA. The best performing primer
set amplified all 16 prey orders (100%) and 39 of 40 prey families (97%) in PCR trials,
indicating high universality among expected prey taxa. Metabarcode sequencing of the
mock community recovered 14 of 15 prey orders (93%) and 25 of 37 families (68%).
Blocking oligo treatment resulted in near complete inhibition of predator DNA
amplification but reduced total amplicon yield. O. mykiss stomach and intestinal contents
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showed diet diversity increased with size, and that the contribution of aquatic
invertebrates, terrestrial invertebrates, and fishes to diet varied by juvenile fork length.
Disagreeance between PCR trials and prey recovery revealed that higher than expected
underclassification rates at family-level is a limiting factor in the method, rather than
primer universality, which is likely driven by incompleteness of reference databases. The
performance of the assay on mock communities and results from O. mykiss diets suggest
that further testing of this method and expanding barcode reference databases would
provide managers with a powerful and scalable tool for studying special status species in
the wild.
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Introduction
DNA metabarcoding has become a powerful tool for studying a variety of topics,
from characterizing diverse microbial communities of the human GI tract to plankton
biodiversity assessments in the open ocean (Hayashi et al., 2002; Suter et al., 2021).
Molecular scatology applies molecular techniques to feces for studying trophic ecology
and symbiosis (Kohn & Wayne, 1997). In molecular scatology studies, metabarcoding
has been used for detecting vertebrate prey in predatory diets (Chaves et al., 2012; Leray
et al., 2013; Moran et al., 2016). Terrestrial and aquatic invertebrate communities are
sometimes studied by collecting bulk samples and metabarcoding is proving to be an
effective method for characterizing these communities instead of morphological
identification (Keck et al., 2017; Leese et al., 2021; Pawlowski et al., 2018). However,
few studies have used it for detecting invertebrate prey in diets, despite it being
seemingly well-suited for this application (Jedlicka et al., 2013; C. K. Wong et al., 2015).
For the progress made in bulk invertebrate community analysis and the application of
metabarcoding for vertebrate diet analysis, DNA metabarcoding may present a
comparatively non-harmful and high-resolution technique for studying the ecology of
generalist predators with more diverse diets.
DNA barcoding is a PCR-based molecular technique that targets a specific, and
often short, section of DNA for species identification (Arnot et al., 1993; Hebert et al.,
2003). eDNA is a common technique that applies DNA barcoding to samples collected
from the environment (Ficetola et al., 2008; Willerslev et al., 2003). A subdivision of
DNA barcoding is metabarcoding, which allows for the characterization of a community
of organisms by targeting a DNA segment that is ubiquitous among all target species in a
sample. DNA metabarcoding achieves this by using PCR primers that universally amplify
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target species in PCR at a known region, but within this amplicon there is enough
sequence diversity to discriminate taxa upon sequence analysis (Lodge et al., 2012). We
use these principals in the current study to evaluate the utility of emerging molecular
techniques for characterizing the diet of a special status species, coastal rainbow trout
(Oncorhynchus mykiss irideus).
The recovery of O. mykiss along the California coast depends on factors in both
their marine and freshwater environments, but ocean conditions are a largely
uncontrollable factor which diminishes the number of returning adults that spawn each
year. However, the survival of ocean-going juveniles through either good or poor ocean
conditions to their adult form as spawning steelhead is influenced by their size when
entering the ocean as juveniles. The primary goals of recovery planning are to improve
migration and spawning activities through large-scale restoration efforts which
reestablish hydrologic processes and ecosystem functions. These often indirectly benefit
rearing and ocean survival rates as secondary goals, but while these benefits may be
equally important, they are more difficult to measure and predict. The individuality of
coastal watersheds in California from hydrological and ecological standpoints makes it
challenging to predict what restoration activities will produce the best outcomes for early
development and ocean survival at the population or subpopulation levels. There is a gap
in understanding the watershed-specific trends in the species’ trophic ecology because
current methods are difficult to scale due to the expertise, cost, and time needed for
collecting and processing samples.
Methods for studying the species’ diet has not changed greatly for many decades,
involving the morphological identification (morpho ID) of ingested prey taxa that are
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recovered through gastric lavage and dissection (Hyslop, 1980). Morpho ID has many
benefits, including relatively accurate estimates of abundance, prey size, and percentage
of energy content (percentage of Joules) contributed by each taxonomic group (Rundio &
Lindley, 2008, 2019, 2021; Strange & Kennedy, 1981). However, sample collection,
storage, and morpho ID are time-intensive and costly (Meyer et al., 2021). Also, the
detection of prey through morpho ID may be biased by digestion rates and the collection
of diet samples through gastric lavage is comparatively more invasive than feces
sampling (Strange & Kennedy, 1981). Creating a DNA-based fecal technique may offer
improvements to sensitivity and precision, while helping limit the physical impacts that
scientific research has directly on sampled individuals.
PCR amplification is one of the fundamental elements of DNA metabarcoding,
and the type of PCR applied in the present study is simplex PCR because it targets only a
single amplicon region. However, the method also bears similarity to multiplex PCR
because we use a cocktail of primer versions, through primer degeneracy, to amplify
multiple taxa despite them having slightly different sequences at the priming regions.
Specifically, we design and test a small panel of candidate primer sets and a predatorspecific blocking oligonucleotide for their capacity to detect prey taxa, yield accurate diet
composition information (abundance), and robustness against high levels of non-target
DNA. Producing an effective method would provide a template for those seeking to
explore the utility of DNA metabarcoding in other fields while offering an improved and
scalable methodology for managers to study and monitor the trophic ecology of a special
status species. To explore the utility of molecular scatology for evaluating O. mykiss diet,
we present the following hypotheses.
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We hypothesize that a short COI amplicon can be produced that is robust against
the non-target amplification of O. mykiss because COI primers have already been
designed which amplify many of the expected prey of O. mykiss and predator DNA is
expected to be more differentiated than DNA among prey (Leray et al., 2013). Yielding
COI primers which detect 100% of prey orders and more than 90% of prey families
would achieve better universality than many published primer sets in the field (Leese et
al., 2021). We hypothesize that target diet taxa detection would be negatively correlated
with trout DNA concentration, because the presence of predator DNA would result in
prey DNA being more dilute and primer binding affinity for trout DNA may decreased
prey amplification (Leray et al., 2013). We hypothesize that the use of a predator-specific
blocking oligonucleotide will improve target prey taxa detection in samples containing
abundant O. mykiss DNA (Vestheim & Jarman, 2008). We hypothesize that there will be
no evidence of non-target inhibition of prey taxa by the blocking oligo because blocking
oligo design will allow us to develop DNA oligos with minimal non-specific binding. We
hypothesize that taxonomic classification of short COI amplicon reads will achieve
accurate taxonomy assignment with phylogenetic resolution that is at the level achieved
through visual identification because the COI region evolves more rapidly than the
nuclear genome, offering high discriminatory power with shorter amplicons (Li et al.,
2016). Lastly, we hypothesize that prey richness will not be highly variable across
juvenile O. mykiss diet samples and most prey taxa will be detected in many samples, as
the generalist feeding behavior of O. mykiss will result in their diet closely reflecting the
composition of invertebrate drift and the similar ecotypes observed between sites likely
means invertebrate drift will vary minimally with sample location. Additionally, we
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hypothesize that prey richness and abundance will be dominated by aquatic invertebrate
taxa because the majority of young juveniles feed through drift feeding near the bottom to
avoid predation (Tippets & Moyle, 1978).

Methods
PREY TAXA LIST
We generated a list of possible prey taxa of juvenile O. mykiss that was used for
in silico (computer-based) primer design and as a guide for collecting specimens for
primer testing. The majority of taxa in the list were from studies which reported on the
diet and feeding habits of juvenile O. mykiss in California (Rossi et al., 2021; Rundio &
Lindley, 2008, 2019, 2021; Weber et al., 2014). We supplemented the list with taxa that
were not directly observed in diet studies but were instead captured from riparian habitats
within their range and likely forage items when available (Hoenig et al., 2021). A list of
96 prey families in 22 orders included O. mykiss, other small vertebrates, and a diversity
of terrestrial and aquatic invertebrates. Most of the taxa were arthropods and the orders
that accounted for the most families were Coleoptera (Beetles), Diptera (True flies), and
Trichoptera (Caddis flies).
IN SILICO PRIMER DESIGN
Multiple Sequence Alignment (MSA)
We used the PrimerMiner v0.18 as the primary tool for gathering and curating
reference sequences for designing primers (Elbrecht & Leese, 2017). All sequences for
the COI region and full mitochondrial genomes of families in the prey list were extracted
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from both the BOLD and NCBI GenBank databases (Benson et al., 2012; Ratnasingham
& Habert, 2007). The databases were accessed 8 September 2021 and downloaded with
the PrimerMiner standard settings. Sequences within each family were algorithmically
clustered into operational taxonomic units (OTUs) with a ≥ 97% similarity threshold,
where each OTU theoretically represents a distinct species. Family-level consensus
sequences for 96 families were aligned in a MAFFT multiple sequence alignment (MSA)
and visualized using Jalview v2 (Katoh & Standley, 2013). The MSA included 91
invertebrate prey families. The alignment was annotated with known COI priming
locations and new candidate priming locations identified through visually inspection
(Waterhouse et al., 2009). O. mykiss and two other ray-finned fishes, sculpins and
cyprinids, were included to exclude predator amplification while preserving universality
among small vertebrate prey.
Primer Design and Selection Strategy
Universal Primers
Candidate priming regions were evaluated for universality among invertebrate
consensus sequences, dissimilarity to O. mykiss DNA, melting temperature (°C), GC
content (%), GC clamp without GC saturation, dimerization energy (kcal/mol), length
(bases), degeneracy, and a region proximal to or overlapping that is suitable for a
predator-specific blocking oligo. We adhered to the standards recognized in the field for
most aspects of primer design and PCR, while accepting certain deviations from the norm
to balance the benefits of high primer degeneracy and short primer length with the costs
to PCR efficiency that result from low annealing temperatures. Ultimately, we only
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accepted primers with average melting temperatures above 50 C°, while giving
preference to primers with higher universality within these limits. The content of guanine
and cytosine (i.e., GC content) contributes to overall melting temperature, and we
attempted to designed primers within the generally accepted range of 40-60% (Joshi &
Deshpande, 2011). It is also encouraged for primers to have a GC-clamp, where between
two and three guanines or cytosines, often a combination of both, are in the last five bases
of the 3’-end to strengthen primer binding to template DNA. We tried to avoid regions
with mononucleotide repeats (MNRs), where a single base is repeated more than twice in
a row, because MNRs are subject to dimerization during PCR which causes reductions in
PCR efficiency (Garafutdinov et al., 2020). Primers were accepted with self and cross
dimerization energies of -12 kcal/mol or greater. Dimerization energy is calculated as
Gibbs free energy change (ΔG) with units of kcal/mol and is a measure of the spontaneity
of formation of a dimer (Abd-Elsalam, 2003). Primers ideally have dimerization energies
of -5 kcal/mol or greater, but we accepted lower values and potentially reduced PCR
efficiency to optimize primer universality. Primers from 18 to 30 bases in length are often
considered acceptable, and all candidate primers in this study were within this range.
Primers for which O. mykiss COI sequences differ from all prey taxa at the priming
location or flanking regions were favored. Lastly, only primers with a degeneracy value
below 500 were considered for further analysis.
While primers were initially evaluated individually, primer pairs that generate
shorter amplicons were preferred because it is unknown how fragmented prey taxa DNA
isolated from O. mykiss GI tracts would be. Primer pairs that yielded a total amplicon
length of 150 – 300 bases were selected for primer testing. Three initial candidate primer
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pairs (S1, S2, S3) were designed from a single forward primer region and three reverse
priming locations in the first 300 bases of the ~758 base COI region. A final primer set
(S4) was designed from the second primer set with improved characteristics, creating a
~178 base insert. The S4 primer set included the LCO1490_OmyDf forward primer (5’HTCHACIAAYCAYAARRAYATTGG-3’) and the rSet5 (5’ARHMARTTHCCRAAHCCICC-3’) reverse. S4 was universal among aligned prey taxa
families with a mean melting temperature of 53.8 C° and a GC content of 38%.
Importantly, both primers were modified to include a deoxyInosine base to improve
universality while keeping the degeneracy value relatively low. DeoxyInosine is a
replacement to typical bases because it can bind to any of the four bases, acting as a
“wildcard”, however it preferentially binds to bases in decreasing order: cytosine,
adenine, guanine, and thymine. However, we considered the benefits to universality
outweighed preferential biases introduced by the single deoxyInosine base in each
primer.
Predator-Specific Blocking Oligos
While many published COI primers are designed to amplify a diversity of
invertebrate taxa, they may also amplify other species in the kingdom Animalia if prey
are phylogenetically similar (Closs et al., 1999; Kido et al., 1999). Molecular diet
analysis from feces that employs metabarcoding is especially vulnerable to the
amplification of non-target taxa because predator DNA may be more abundant and less
fragmented in feces than prey DNA (Leray et al., 2013). If the careful design of universal
primers cannot avoid predator amplification, a species-specific blocking oligo can
sometimes be designed to prevent their amplification. Blocking oligo use theoretically
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improves the amplification of prey taxa in samples where higher quality predator DNA is
abundant and would normally be overamplified (Leray et al., 2013; Vestheim & Jarman,
2008). Blocking oligos can directly interfere with primer binding during the annealing
step of PCR or arrest DNA synthesis during the elongation step. The most classical and
effective strategy of PCR blocking oligo use is primer interference (Vestheim & Jarman,
2008). Primer interference is an effective strategy for blocking that is achieved by
designing an oligo which binds to the universal primer binding region of the predator
DNA more strongly than the universal primers themselves, competitively excluding them
from priming predator DNA during the annealing step of PCR. The blocking oligo does
not prime amplification because it is designed with a modification at the 3’-end that
interferes with polymerase activity.
We ultimately developed a single primer interference blocking oligo as an
additive to PCR reactions to prevent O. mykiss DNA from being amplified by the
universal primers in a one-step PCR. The forward priming location of the first three
candidate primer pairs and the final S4 primer set offered a likely region for the predator
blocking oligo. A 25-base candidate blocking oligo, fOmD1_blkC3 (5’GACATTGGCACCCTCTATTTAGTAT-3’), was designed to overlap the last eight
bases at the 3’-end of the forward priming region and extended 14 bases into the insert
(Ch1. Fig1). The oligo mismatches with all prey families in the MSA at 4 positions in the
last 14 bases and has a 3’ spacer C3. The 3’ spacer C3 is a short three carbon chain (C3)
that is attached to the terminal 3’ hydroxyl group of the oligo to inhibit polymerase
activity upon binding to the template strand during PCR.
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Ch.1 Figure 1. A single forward universal primer (LCO1490_OmyDf) with flanking
blocking oligo (fOmyD1_blkC3) in the first 50 bases of the COI gene region, followed by the
reverse primer for the final candidate primer sets used in the present study. Red text
indicates degenerate bases, grey highlight indicates deoxyInosine bases, blue bold text
indicates overlap of forward primer and blocking oligo, and underscores indicate predatorspecific binding positions.

SPECIMEN AND SAMPLE COLLECTION
Terrestrial prey taxa used for primer testing and mock community construction
were collected from areas surrounding the California State University Monterey Bay
(CSUMB) campus from June-September 2021. The Monterey area is adjacent to the
Carmel River Valley which supports a native population of O. mykiss. Aquatic taxa were
gathered from an existing collection of aquatic arthropod specimens collected by the
CSUMB Watershed Environments and Ecology lab in 2020 and 2021. Taxa were
classified to family, and families were selected for primer testing to ensure that testing
was phylogenetically rigorous and included both terrestrial and aquatic organisms. We
gathered 41 prey specimens (40 families) in 70% Ethanol at room temperature: 25
aquatic families and 15 terrestrial families. Most aquatic specimens were larvae or pupae,
while most terrestrial taxa were adults. O. mykiss fin clips and gastrointestinal contents
were sampled from 37 wild juvenile specimens from the Cachagua drainage of the
Carmel River, CA. Fish were collected under permit by the Carmel River Steelhead
Association as incidental take (mortalities) from 2020 to 2021 (CDFW: S-19067000319067-001).
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DNA ISOLATIONS
DNA was isolated from whole arthropod specimens using a silica-based
DNA purification (Qiagen DNEasy Blood & Tissue kit) after a 17-hour soft tissue
digestion at 55 °C. Isolations were performed on a single individual from each family
except Simuliidae and Formicidae, which each required a bulk isolation from multiple
individuals. Likewise, some species were very large, and a tissue sample was removed to
perform the isolation: Acrididae, Aeshnidae, Tipulidae, Decapoda, and Theridiidae. DNA
was isolated from fin-clips and GI tracts with the standard DNeasy Blood & Tissue
purification after undergoing tissue agitation in a Qiagen TissueLyser LT. DNA
concentration and purity for prey taxa, fin clips, and GI tract DNA isolations were
evaluated via Nanodrop, Qubit, fragment analysis.
PCR OPTIMIZATION
Universal primer pairs and blocking oligos were ordered from Integrated DNA
Technologies, Inc. (IDT). Initial trials used recommended PCR conditions and the
published fwh1 COI primer pair to develop a working PCR assay before being adjusted
to improve PCR efficiency (Vamos et al., 2017). Three PCR master mix products were
tested with the fwh1 primer set: VWR Phusion High Fidelity PCR Master Mix with HF
buffer, Qiagen Multiplex PCR Master Mix, and Qiagen Multiplex PCR Plus Master Mix
(Promega, VWR, Qiagen). Template DNA was a 5ng/µL cocktail of DNA from three
specimens: Hymenoptera, Coleoptera, and Diptera. Gel validation was done by staining 8
uL of uncleaned PCR product with bromophenol blue and loading the mixture onto a low
percentage (0.8%) agarose gel with SYBR safe gel stain. Qiagen master mix products
produced the best results, and both master mixes were used for sequencing as a result of
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product supply issues. The effect of master mix product was evaluated by sequencing
paired diet samples because the Plus version of the product contains the HotStarTaq Plus
DNA Polymerase instead of the standard HotStarTaq DNA Polymerase.
Gradient PCR (45 to 65 C°) of three candidate primer sets showed that 50 °C was
most-consistently the optimal annealing temperature. Final optimized PCR reactions with
the Qiagen Multiplex PCR Plus master mix were 10 uL reactions with 5 uL of master
mix, 0.5 uM of each primer, 0.5 ng/uL of template DNA, and the remaining as molecular
grade water. Thermal cycling conditions were 5 min at 95°C, 30 sec at 95°C, 30 sec at
50°C, 30 sec at 72°C, and 5 min at 72°C, with 29 cycles of denaturing, annealing, and
elongation. The standard version of the Qiagen product, Qiagen Multiplex PCR Master
Mix, required similar PCR conditions to the Plus version, with the only differences being
the thermal cycling conditions: 15 min at 95°C, 30 sec at 94°C, 90 sec at 50°C, 30 sec at
72°C, and 30 min at 60°C, with 29 cycles of denaturing, annealing, and elongation.
Amplicons for two target prey taxa, Trichoptera and Hemiptera, were used to validate the
first three candidate primer sets through sanger sequencing at the Monterey Bay
Aquarium Research Institute (MBARI) in Moss Landing, California. The above
optimization scheme was repeated for the final candidate primer set (S4), with the
exception of Sanger Validation because S4 is an analog of S2 and fwh1. The optimal
annealing temperature for S4 was also found to be 50 °C.
PCR TRIALS OF CANDIDATE PRIMERS
Prior to the in silico revision of the S2 primer set to create S4, we tested S1, S2,
S3 and the fOmD1_blkC3 blocking oligo with a panel of twelve prey taxa orders and
trout DNA to evaluate universality and efficiency. Taxa represented a diversity of
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taxonomic orders and functional feeding groups that range from terrestrial to aquatic. The
blocking oligo was used at 10-fold (5.0 µM) the concentration of primers in PCR. The
intensity of bands in the gels, distance traveled on gels, and fragment analysis on a
BioAnalyzer system validated fragment size, PCR efficiency, and identified non-specific
binding. S4 was the final primer set and was tested with a larger panel of 40 prey
specimens (40 families) and trout DNA.
ILLUMINA SEQUENCING
Barcoded Amplicon Structure
For metabarcode sequencing, amplicons from all samples must eventually be
combined into a single mixture and therefore must be distinguishable from each other.
We used fusion primers to achieve this while also maximizing the sequencing depth and
read quality. Nine unique forward universal fusion primers and nine unique reverse
universal fusion primers generated 81 unique pairs (Ch1. Tab1.). Fusion primers
contained 0-7 base heterogeneity spacers to improve read quality by increasing sequence
variability. Primers also contained the P5 or P7 Illumina adapters and the Illumina
sequencing primers for compatibility with Illumina sequencing chemistry.
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Ch.1 Table 1 Nine unique COI universal forward and nine reverse barcoded fusion primer
for O. mykiss fecal diet analysis. Primer mixing yields 81 unique barcoded primer pairs for
barcode sequencing.
P5/P7 Adapter

index_lowercase
index
Read1/2 Primer Pad

F1

AATGATACGGCGACCACCGAGATCTACAC

actgata
ACTGATA

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

F2

AATGATACGGCGACCACCGAGATCTACAC

tacggtc
TACGGTC

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

F3

AATGATACGGCGACCACCGAGATCTACAC

gtggctg
GTGGCTG

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

T

HTCHACIAAYCAYAARRAYATTGG

F4

AATGATACGGCGACCACCGAGATCTACAC

cattgtg
CATTGTG

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

T

HTCHACIAAYCAYAARRAYATTGG

F5

AATGATACGGCGACCACCGAGATCTACAC

catgtat
CATGTAT

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

GT

HTCHACIAAYCAYAARRAYATTGG

F6

AATGATACGGCGACCACCGAGATCTACAC

cccttgg
CCCTTGG

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

GT

HTCHACIAAYCAYAARRAYATTGG

F7

AATGATACGGCGACCACCGAGATCTACAC

atcccgg
ATCCCGG

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

CGA

HTCHACIAAYCAYAARRAYATTGG

F8

AATGATACGGCGACCACCGAGATCTACAC

gtaagcc
GTAAGCC

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

CGA

HTCHACIAAYCAYAARRAYATTGG

F9

AATGATACGGCGACCACCGAGATCTACAC

aggccct
AGGCCCT

ATGA

HTCHACIAAYCAYAARRAYATTGG

R1

CAAGCAGAAGACGGCATACGAGAT

actgata
ACTGATA

ACACTCTTTCCCTACACGACGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

GATA

ARHMARTTHCCRAAHCCICC

R2

CAAGCAGAAGACGGCATACGAGAT

tacggtc
TACGGTC

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

CTA

ARHMARTTHCCRAAHCCICC

R3

CAAGCAGAAGACGGCATACGAGAT

gtggctg
GTGGCTG

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

CTA

ARHMARTTHCCRAAHCCICC

R4

CAAGCAGAAGACGGCATACGAGAT

cattgtg
CATTGTG

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

TC

ARHMARTTHCCRAAHCCICC

R5

CAAGCAGAAGACGGCATACGAGAT

catgtat
CATGTAT

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

TC

ARHMARTTHCCRAAHCCICC

R6

CAAGCAGAAGACGGCATACGAGAT

cccttgg
CCCTTGG

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

A

ARHMARTTHCCRAAHCCICC

R7

CAAGCAGAAGACGGCATACGAGAT

atcccgg
ATCCCGG

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

A

ARHMARTTHCCRAAHCCICC

R8

CAAGCAGAAGACGGCATACGAGAT

gtaagcc
GTAAGCC

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

ARHMARTTHCCRAAHCCICC

R9

CAAGCAGAAGACGGCATACGAGAT

aggccct
AGGCCCT

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

ARHMARTTHCCRAAHCCICC

Spacer

COI Primer
HTCHACIAAYCAYAARRAYATTGG
HTCHACIAAYCAYAARRAYATTGG

Library Preparation
The S4 primer set and fOmD1_blkC3 blocking oligo were tested on a series of
mock communities and 37 juvenile O. mykiss GI tract samples in two metabarcode
sequencing runs (Illumina MiSeq platform). Mock communities were cocktails of prey
DNA pooled at known amounts. Because S4 amplified all prey families in PCR trials, it
was used to create induvial amplicon libraries of prey families where DNA concentration
would equate to COI copy number when pooling DNA to create known mock
communities. O. mykiss DNA was not prepared in the same manor because non-specific
binding of universal primers to trout DNA may not be solely confined to the COI region.
Mock Community A (Mock A) was pooled DNA from 37 prey families at equal DNA
concentrations. Mock Communities E0, E1, and E2 were pooled DNA from four prey:
Diptera, Coleoptera, Hymenoptera, Araneae. E0 contained taxa at equal concentrations,
while E1 and E2 contained taxa at varying concentrations. Nine GI tract samples, Mock
A, and a mock community that was similar to Mock A (Mock B) that containing 37 prey
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families at varying concentrations were amplified with the Qiagen Multiplex PCR master
mix and the Qiagen Multiplex PCR Plus master mix to compare paired samples:
CRSA03, CRSA10, CRSA12, CRSA19, CRSA26, CRSA27, CRSA28, CRSA29,
CRSA30, MA, MB. Four GI tract samples that yielded high O. mykiss sequence reads in
the first sequencing run were re-sequenced in the second run to compare blocking oligo
treatment to non-treatment (n = 8): CRSA03, CRSA10, CRSA12, and CRSA19.
Negative controls with molecular grade water instead of DNA template were run
with each PCR plate and sequenced to identify sources and severity of contamination.
PCR reactions were run in duplicate, plates were run on a Bio-Rad T100 Thermal Cycler
and strip cap PCRs were run on a Bio-Rad C1000 Touch Thermal Cycler. PCR was run
in duplicate, replicates were pooled, and 18uL from each sample was transferred to a new
plate for dual-side (0.8X by 0.61X) magnetic bead clean-up after being volume
normalized to 40 uL with water.
Sequencing Specifications
Sequencing was performed on an Illumina Miseq platform with 300-cycle Miseq
Reagent Kit v2 Micros for paired-end sequencing of a ~365 base amplicon with a 178base insert. A 4 nM pooled library was diluted and denatured to 12.5 pM with 15% PhiX
spike-in as the final library for loading into the reagent cartridges. Only nine samples
(11%) of the first sequencing run produced amplicon libraries that were too low to
quantify through Qubit analysis, for which all 26 uL of these samples were loaded into
the pooled library. The inclusion of 27 low quality samples from a related project
contributed to there being 30 samples (37%) in the second sequencing run that were too
low to quantify before pooling. To reduce the amount of remnant PCR factors that could
be introduced to the final library, we pooled only 10 uL fr om each.
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SEQUENCE PROCESSING AND ANALYSIS
Adapter sequences, including partial heterogeneity spacers and COI primers, were
trimmed from the ~150-base raw sequence reads using Cutadapt v2.5 (Martin, 2011).
Trimmed forward and reverse reads were a median of 125 and 127 bases, respectively,
and had quality scores of at least 30. We used the denoise-paired algorithm from the
DADA2 plugin-in of QIIME2 in a Python3 environment to truncate forward and reverse
sequences, remove sequences with an error score or quality score of 2 or greater, merge
forward and reverse sequences based on a 12-base overlap minimum, determine exact
sequence variants (ESVs), dereplicate sequence variants, learn error rates, and remove
chimeras using consensus sequences. Sequence remaining after initial adapter removal
was high-quality; forward and reverse sequences were only truncated to lengths of 123
and 127 bases with the denoise-paired algorithm.
Sequences were clustered into amplicon sequence variants (ASVs) based on a
97% similarity threshold and classified using the QIIME2 q2-classifier (Naïve Bayes)
and a custom COI database (Bokulich et al., 2018). There are multiple types of sequence
classifiers used for identifying sequence variants in metabarcoding studies: local
alignment (i.e., NCBI BLAST), global alignment (i.e., VSEARCH), and kmer-based (i.e.,
Naïve Bayes). Recently, Naïve-Bayes type classifiers applied to COI sequence data are
shown to produce the highest recall rates while keeping error rates low when compared to
local and global alignment strategies (O’Rourke et al., 2020). The q2-classifier assigned
taxonomic labels to sequences when the confidence level of assignments was at least
84%, and confidences which don’t meet this threshold resulted in unassigned reads at the
given taxonomic level. We tested the rate at which the q2-classifier assigns taxonomic
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labels to sequence reads incorrectly (misclassification) and the rate at which it does not
achieve a high enough confidence level to assign a taxonomic label to sequence reads
(underclassification) for 15 confidence levels (70% - 98%, by 2% intervals). Testing of
classifier performance included 10 known vouchers for each target prey family and
classified with the range of confidence thresholds. A recall rate of greater than 97% and a
misclassification rate of 0% were achieved with a confidence threshold of 84%, justifying
the use of this threshold for the sequences reads produced in the present study (Ch1.
Supp. Tab1.).
DATA ANALYSIS
We were interested in identifying statistically significant differences in
community structure that were driven by master mix through beta diversity analyses. We
performed permutational multivariate analysis of variance (PERMANOVA) on BrayCurtis dissimilarity matrices at ASV and order-level. Bray-Curtis dissimilarity is a
measure of beta diversity in the form of matrix distances between communities based on
taxa occurrence and abundance (Bray & Curtis, 1957). To evaluate overall assay
performance, we measured recall and abundance estimates from Mock A, E0, E1, and E2.
We reported recall of prey orders and families from Mock A as the percentage of
taxonomic labels detected through sequencing that were expected at a given hierarchical
level for the mock community. To evaluate if sequence reads are an accurate estimate of
mock community structure (composition of DNA), the known composition of DNA was
compared with sequence read composition for Mock A, E0, E1, and E2. Specifically, the
expected read relative abundances for taxa were calculated from DNA amounts added to
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mock communities and then compared with observed read relative abundances of those
taxa.
To test the effect of blocking oligo treatment on O. mykiss amplification in GI
tract samples, we ran a two-way analysis of variance (ANOVA) on the arcsine-squareroot transformed proportions of O. mykiss sequence reads in samples with SampleID and
blocking oligo treatment as factors. We assume that the proportion of predator reads
varies by sample, necessitating the two-way configuration. Additionally, the proportional
data violates the unbounded assumption of ANOVAs, but can be corrected through
transformation given that values are not at the extremes (0,100). To test the effect of
blocking oligo treatment on alpha diversity in mock communities, we ran one-way
ANOVAs on observed richness at order and family-levels after rarefying sequence depth
to the lowest read count in each pair. Effect size and directionality of significant effects
were verified with Tukey honestly significant difference (HSD) tests. We tested the effect
on beta diversity with PERMANOVAs of Bray-Curtis distances at the same levels.
Finally, we tested for a significant effect of FL and size class of juvenile O. mykiss on
diet alpha diversity (observed and Shannon Index) via simple linear regression, and
ANOVA and Tuckey HSD tests at order and family. We used PERMANOVA and
Pairwise PERMANOVA to determine the directionality and effect size of significant
effects of FL on diet composition (Bray-Curtis distances).
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Results
PCR TRIALS RESULTS
S1, S2, and S3 were moderately effective, but no single pair amplified all twelve
prey taxa orders in the initial panel of PCR trials. All three primer sets resulted in primer
dimers that are roughly 100 bases in length, while PCRs with primers and the blocking
oligo yielded dimers of roughly 75 bases. The S4 primer set showed at least some level of
amplification, a light band on gels, for 39 (97.5%) of the 40 prey families tested.
Corixidae (water boatman) was the only reaction to have failed. DNA isolations for water
boatman were attempted twice with separate individuals and had extremely low yields,
potentially contributing to the poor amplification. The primer set was also tested on O.
mykiss DNA and with the treatment of the blocking oligo which showed a low level of
amplification and near complete inhibition, respectively.
SEQUENCE READ QUALITY AND YIELD
The first sequencing run had an average Q30 score of 94.49%, 88.96% passing
filter (%PF), and yielded a total of 3,922,247 raw paired-end reads with a mean persample frequency of 48,423. The second sequencing run had an average Q30 score of
93.19%, 38.28% passing filter (%PF), and yielded a total of 1,927,338 raw paired-end
reads with a mean per-sample frequency of 23,794. The low %PF of the second
sequencing run was attributed to a greater number of low performing samples included in
the sequencing run from a separate study. After primer trimming, merging of paired ends,
and quality filtering of run-one reads, there were 3,041,511 (76.6%) high quality paired-
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end reads distributed across 1,885 ASVs (features). The second sequencing run resulted
in 1,656,755 (86.0%) filtered paired-end reads distributed across 1,162 ASVs.
NEGATIVE CONTROLS
Negative controls produced few reads which passed quality filtering. Five
negative controls yielded 204 reads that were classified to 13 ASVs. The ASV with the
most reads was classified to Thrips tabaci and totaled 111 reads, with the next most
abundant ASV totaling only 34 reads. The negative controls were the only samples to
contain this ASV. Eleven ASVs belonged to seven Arthropod orders used in mock
communities for a total of 84 reads across the controls. One ASV was assigned to the
Annelid species’ Eiseniella tetraedra and accounted for nine reads. ASVs in the negative
controls were not removed from the dataset because the low number of totals reads
suggests that the influence of contamination on mock community and diet sample
analysis would be minimal.
EFFECT OF MASTER MIX
Though two different PCR master mix products were used in the development of
the presented diet analysis method, the results here suggest that this inconsistency had
little to no effect on community analysis when comparing samples by taxa occurrence
and abundance. PERMANOVA analysis of Bray-Curtis distances at ASV level provided
no significant evidence that master mix affected community structure (P > 0.05). nMDS
ordination of the dissimilarity matrix with paired GI tract and mock community samples
as colors and master mix as marker type showed that communities do not cluster by
master mix (Ch1. Fig1.).
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Ch.1 Figure 2. Paired samples amplified by different master mix products cluster together
more closely and show no effect of master mix. Samples were analyzed through COI
metabarcoding with two different PCR master mix products: Qiagen Multiplex PCR
Master Mix and Qiagen Multiplex PCR Plus Master Mix. Samples with similar taxonomic
composition cluster in the dissimilarity matrix of beta diversity, measured as Bray-Curtis
distances. Ordination of the distance matrix was done through non-metric multidimensional
scaling (nMDS).

MOCK A RESULTS
Taking mean relative abundances across seven replicates of Mock A, 99.3% of all
reads were in the kingdom Animalia, 0.004% were Protozoa, and 0.658% were
completely unassigned. Three unexpected phyla in the kingdom Animalia had mean per
sample relative abundances of 3.941%: Annelida (3.771%), Chordata (0.008%), and
Rotifera (0.162%). Other sequences in the kingdom were unassigned at phylum (2.994%)

35
and the remaining 92.462% were classified to the two expected phyla: Arthropoda
(92.377%) and Mollusca (0.088%). Annelida, Chordata, Rotifera were unexpected phyla
detected in the mock communities that may be attributed to contamination or
misclassification of reads. While Chordata and Rotifera represented only a small
percentage, Annelid worms accounted for a comparatively large percentage of reads and
are potentially cause for concern if attributed to misclassification of reads from expected
families. NCBI classification of the associated reads produced the same classifications,
suggesting that these reads were not misclassified and instead true positive contaminants,
potentially introduce as stomach contents of the expected invertebrates.
Of reads in the two expected phyla, Arthropoda and Mollusca, 96.1% had an
order-level classification and 55.0% had family-level classification, indicating good
performance at order-level but underclassification of reads at the family-level. Most
(83.84%) of sequences recovered from seven replicates were classified to 14 of the 15
expected taxonomic orders, representing an order-level recall rate of 93%. Conversely,
many reads within these orders were assigned to unexpected families and only 25 of the
37 expected families were recovered, representing family-level recall rate of 68% (Ch1.
Fig3.). The overall relationship of read abundances at the order-level was roughly
consistent with the general community structure of Mock A, but the exact relative
abundance values for each order and family rarely matched the known relative
abundances. Relative abundances and the percent difference of the observed to the
expected relative abundances for each order and family are reported in Ch1. Tab2.
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Run 1

Run 2

Ch.1 Figure 3. Taxa families grouped by order in seven replicates of Mock A across two
sequencing runs. If the template concentration of the target species in the mock community
(n = 38) was the same and they were amplified with the same efficiency, the expected
proportion of reads should be approximately 1/38 (~ 0.0263).
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Ch.1 Table 2. Expected and observed relative abundance of target prey taxa in a mock
community of 37 invertebrate families (39 unique species). Percent differences that are
negative indicate underrepresentation while values that are positive indicate
overrepresentation. Red text or -100% indicate no detection, while 0.00% indicates a
relative abundance that was less than 0.01%.
Order

# of taxa

Expected
%
Observed
Rel. Abun.
Difference

Coleoptera

6

15.40%

15.68%

1.82%

Diptera

7

17.90%

19.26%

7.60%

Ephemeroptera

3

7.70%

4.96%

-35.58%

Hemiptera

1

2.56%

2.85%

9.62%

Hymenoptera

3

7.70%

3.77%

-51.04%

Lepidoptera

2

5.10%

4.88%

-4.31%

Odonata

2

5.10%

8.65%

69.61%

Orthoptera

2

5.10%

9.11%

78.63%

Plecoptera

3

7.70%

4.58%

-40.52%

Trichoptera

3

7.70%

1.19%

-84.55%

Araneae

2

5.10%

8.50%

66.67%

Decapoda
Isopoda
Cladocera
Sphaeriida
Tricladida

1
1
1
1
1

2.56%
2.56%
2.56%
2.56%
2.56%

0.06%
0.26%
0.00%
0.09%
0.00%

-97.69%
-90.00%
-99.92%
-96.54%
-100.00%

Family
Coccinellidae
Dytiscidae
Elmidae
Stratiomyidae
Tenebrionidae
Psephenidae
Chironomidae
Chyromyidae
Culicidae
Fanniidae
Simuliidae
Straiomyidae
Tipulidae
Baetidae
Heptageniidae
Leptohyphidae
Gerridae
Formicidae
Tenthredinidae
Vespidae
Geometridae
Geometridae
Aeshnidae
Coenagrionidae
Acrididae
Gryllidae
Perlidae
Perlidae
Pteronarcyidae
Glossomatidae
Hydropsychidae
Rhyacophilidae
Lycosidae
Therididae
Astacidae
Porcellionidae
Daphniidae
Sphaeriidae
Planariidae

Expected
Observed
Rel. Abun.
2.56%
0.00%
2.56%
0.00%
2.56%
0.00%
2.56%
3.02%
2.56%
0.00%
2.56%
0.00%
2.56%
1.19%
2.56%
0.00%
2.56%
1.80%
2.56%
1.88%
2.56%
2.74%
2.56%
0.00%
2.56%
0.00%
2.56%
0.02%
2.56%
0.37%
2.56%
4.46%
2.56%
0.00%
2.56%
0.87%
2.56%
0.06%
2.56%
2.55%
2.56%
2.43%
2.56%
2.56%
3.63%
2.56%
4.97%
2.56%
0.81%
2.56%
3.95%
2.56%
1.27%
2.56%
2.56%
3.07%
2.56%
0.00%
2.56%
0.04%
2.56%
0.02%
2.56%
3.95%
2.56%
0.00%
2.56%
0.05%
2.56%
0.26%
2.56%
0.00%
2.56%
0.09%
2.56%
0.00%
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MOCK E0, E1, AND E2 RESULTS - EXPECTED/OBSERVED COMPOSITION
The DNA composition of four arthropods in Mock E0, E1, and E2 was reflected
moderately well by the relative abundances of their sequence reads. The greatest
discrepancies were seen from the order Coleoptera, whose read counts were consistently
lower than expected across the three mock communities. The expected relative
abundances in E0 for Coleoptera, Diptera, Hymenoptera, and Araneae was 25%, and
observed values were 9.38%, 23.84%. 26.18%, and 25.37%, respectively (Ch1. Fig4.).
The remaining 15.23% of reads were mostly arthropod reads that were unassigned at
class-level, Haplotaxida, and insect reads that were unassigned at order-level, with values
of 4.53%, 4.28%, 2.60%, respectively. The expected value for Coleoptera in E1 was
53.33% while the observed was 21.79%. The expected values for Diptera, Hymenoptera,
and Araneae in E1 were 6.67%, 13.33%, and 26.67% while the observed values were
9.39%, 19.98%, and 33.55%, respectively (Ch1. Fig4.). The expected value for
Coleoptera in E2 was 0.6% and the observed value was 1.05%. The expected values for
Diptera, Hymenoptera, and Araneae in E2 were 75.74%, 4.73%, and 18.94% and the
observed values were 51.90%, 3.32%, and 17.29%, respectively. When taxonomic orders
were listed in decreasing order based on the relative abundance of sequence reads for E1
and E2, the two lists matched their expected orders when taxa were listed based on the
known DNA compositions of the communities. Taxa associated with the most DNA in
the mock community also had the highest relative abundance of reads, and this was true
for each taxon in both mock communities where DNA abundances varied.
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Ch.1 Figure 4. Read relative abundance in mock communities of four Arthropods at orderlevel. DNA composition of taxa varied between mock communities to evaluate sequence
read relative abundance as a proxy for the composition of DNA in mock communities.

EFFECT OF BLOCKING OLIGO TREATMENT
Blocking oligo treatment reduced amplification efficiency. Qubit measurements and
sequence read counts showed that O. mykiss GI tract samples treated with the blocking
oligo had lower library concentrations and a mean reduction in total sequence reads of
81.4% (Ch1. Tab3.). Lower PCR yield and fewer total sequence reads coincided with
fewer cleaned non-chimeric reads on which taxonomies could be assigned (Ch1. Tab3.).
For this, the assumption that reducing predator DNA amplification through blocking
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oligo treatment will result in improved prey taxa amplification, and consequently a more
sensitive assay for analyzing diet, was not supported.
Still, sequence analysis showed that the relative abundance of trout reads in untreated
CRSA003, CRSA010, CRSA012, and CRSA019 were 87.4%, 47.3%, 26.9%, and 57.7%,
respectively. The relative abundance of O. mykiss reads in these samples when treated
with the blocking oligo were 0%, 0%, 0.1%, and 0%, respectively. This represents greater
than 99% reduction in predator DNA amplification on average. Though we only tested
four samples, the effect size was large enough that a two-way ANOVA showed a
significant effect of the blocking oligo on the arcsine-square-root transformed proportion
of O. mykiss reads in samples. A Tukey HSD test further validated the significance of this
effect, supporting the alternative hypothesis that the mean percentage of O. mykiss reads
in treated samples is significantly less than the control group (P = 0.01). A diversity of
taxa at varying abundances were detected in these samples, for which the community
composition and diversity were maintained with treatment. Stacked bars of relative
abundances illustrate the reduction in O. mykiss reads with treatment and the similarity of
non-predator community structure between paired communities (Ch1. Fig5.).
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Ch.1 Table 3. Four CRSA juvenile O. mykiss stomach/intestinal samples amplified with and
without trout-specific blocking oligo treatment. Treatment groups had lower amplification
success, produced fewer raw reads, and had a lower percentage of raw reads that passed the
sequence processing pipeline. Samples with a high proportion of trout reads without
treatment saw greater reductions in total reads upon blocking oligo treatment, while
samples associated with a lower proportion of trout reads without treatment saw less
reduction in total reads upon treatment.

SampleID

UniqueID

blocking
oligo

Qubit

raw
reads

% non
chimeric

non chimeric
reads

seqR2-47
seqR2-48
seqR2-49
seqR2-50
seqR2-51
seqR2-52
seqR2-53
seqR2-54

CRSA003
CRSA010
CRSA012
CRSA019
CRSA003
CRSA010
CRSA012
CRSA019

no
no
no
no
yes
yes
yes
yes

0.128
0.172
TL
0.180
TL
TL
0.108
TL

3733
9532
15537
16550
403
1373
6452
4153

61
84
80
85
20
85
63
79

2281
8025
12439
14037
81
1173
4087
3273

Ch.1 Figure 5. Effect of blocking oligo treatment on O. mykiss sequence reads. All
Salmonidae reads were classified to species as O. mykiss and treatment with a predatorspecific blocking oligo reduced predator reads by > 99% on average.
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29 CRSA O. MYKISS GI TRACT COMMUNITIES
Mean per sample relative abundances showed that the phylum Arthropoda was
most abundant on average at 76.1%, followed by Chordata at 11.5%, unknown Animalia
at 6.2%, and Annelida at 5.3%. All other phyla had mean relative abundances below 1%.
All reads in the phylum Chordata were from the class Actinopterygii, with the orders
Salmoniformes and Cypriniformes representing the largest percentages. Non-trout fish
families included Cyprinidae, Poeciliidae, Scorpaenidae, and Serranidae. O. mykiss
(predator) reads and non-native Cyprinid reads suspected of being contamination, were
removed before recalculating mean relative abundances for all orders.
Most Arthropod reads were in the class Insecta, accounting for 69.9% of reads on
average. Ostracods also had a high mean abundance, 7.7%, but this was mostly driven by
five samples. A substantial percentage of reads were associated with Clitellata, 5.3%,
most of which were contributed by three samples. Eleven of the fifteen orders used for
primer testing were detected at considerable abundances, with the most abundant
taxonomic orders in decreasing order being Ephemeroptera, Coleoptera, Diptera,
Odonata, Podocopida, and Hymenoptera (Ch1. Tab4). Unknown Animalia reads were
highly abundant in a few samples, resulting in a high mean relative abundance for this
group. Other abundant orders included Trichoptera, Haplotaxida, Cypriniformes, and
Lepidoptera. Remaining Cyprinid reads were detected in multiple samples and assigned
to two fishes, an unknown species of western chub in the genus Gila and Agosia
chrysogaster (longfin dace).
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Ch.1 Table 4. Mean Relative abundance (percentage) of taxa in juvenile O. mykiss GI tracts
after predator reads were removed. Taxa are in decreasing order of relative abundance.

Juvenile O. mykiss Diet Varies with Size (FL)
Simple linear regression of GI tract samples after removing predator reads
showed a significant positive relationship between observed ASV alpha diversity and
fork length (P < 0.001, R2 = 0.51; Ch1. Fig6a)). The relationship was less strong, yet still
significant, for observed orders (P = 0.005, R2 = 0.22; Ch1. Fig6b). The relationship
between weaker when ASV diversity was calculated as Shannon-Wiener Index and not
significant for orders-level diversity using this metric (P = 0.003, R2 = 0.24). Diet
samples were rarefied to a depth of 11,312 reads prior to diversity calculations (n = 29;
Ch1. Supp. Fig1.).
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Ch.1 Figure 6. (a) Simple linear regression of juvenile O. mykiss GI tract alpha diversity at
ASV (P < 0.001, R2 = 0.51) and (b) order-level (P = 0.005, R2 = 0.22) against O. mykiss fork
length (FL).

Communities varied considerably between samples at the order-level, and most
communities were dominated by two to five taxonomic groups. The orders Diptera,
Ephemeroptera, and Odonata were more prominent in juveniles shorter than 65 mm in
length, and Coleoptera were seen throughout most of the size range. Cyprinids were only
detected in fish greater than 86 mm in length. Taxa abundances were summarized at
family-level and stacked bars were colorized to indicate whether a given family contains
species that are generally terrestrial, aquatic, or a mixture of both (Ch7. Fig7a.; Ch7.
Fig7b.). The contribution of fully aquatic orders appears to be greatest at low FL and
gradually decreases with length. Taxonomic families composed entirely or mostly of
aquatic species made up the majority of the diet in smaller individuals (Ch1. Fig7b.).
Families composed mostly or entirely of terrestrial species contributed more greatly to
larger juveniles (Ch1. Fig7b.). Community composition was further distilled into size
classes that bare importance to O. mykiss sampling and life history. The minimum size
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for capturing O. mykiss using a backpack electrofisher is 60 mm and the mean size of
juveniles at ocean-entry is ~150 mm. Because fish gathered herein ranged from 36 – 153
mm, we report mean relative abundances at family-level for five size classes as stacked
bars: 36-59, 60-89, 90-119, 120-149, and >150 mm. Diets of juveniles that are smaller
than the 60 mm threshold were marginally different from the next highest size class with
respect to terrestrial, aquatic, and vertebrate prey (Ch1. Fig7b.). Aquatic taxa contributed
very little to the total community composition of juveniles with FLs from 90-150 mm.
The contribution of Cyprinid fishes to diet increased with fork length, with almost no
representation in the two smallest size classes, a moderate abundance in the middle size
class (90-119 mm), and constituting a substantial portion of the diet in the two largest
size classes (Ch1. Fig7b.).
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Ch.1 Figure 7. (a) Families in O. mykiss GI tract samples colorized based on expected
habitat type. Families colored blue are entirely aquatic, families colored orange are
potentially either aquatic or terrestrial, and families colored green are entirely terrestrial.
Semiaquatic taxa were colored blue, Annelid worms are brown, and cyprinid fishes are red.
(b) Mean relative abundances of families in juvenile O. mykiss GI tracts grouped by size
class. Aquatic taxa may be more important for small juveniles, terrestrial invertebrates and
small cyprinid fishes may be more important for larger juveniles.

Discussion
Molecular techniques are underutilized in many fields, but their popularity is
increasing as leading agencies explore opportunities for improving or replacing
traditional techniques. COI metabarcoding is a subject of active study and shows
potential for widescale use by both government and private entities. Among the supposed
limitations that still exist for this technology is successful amplification of all target
species and taxonomic classification of recovered sequence reads. Our analyses
demonstrate that sequence analysis may be the greater limitation in applying COI
metabarcoding as a molecular scatology tool for O. mykiss and potentially for other
generalist predators which prey on a diversity of invertebrates. Still, analysis of juvenile
O. mykiss intestinal contents, which share many characteristics with true fecal samples,
produced diet community data that was consistent across replicates, was robust against
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predator (O. mykiss) DNA, and showed trends in diet diversity and composition that are
consistent with the results of comparable studies in the region which implemented
traditional diet analysis techniques.
Assay Performance
Very few studies report greater than 90% recall rates from mock communities.
Studies that achieve the highest rates in both categories often target longer amplicons, use
degenerate primers, and use taxonomic classification strategies that are bolstered by a
custom reference library of sequences for the exact species found in samples (Braukmann
et al., 2019). These studies are encouraging because they show that a recall rate of greater
than 95% from extremely diverse communities can be accomplished with a single primer
pair and that reads can be accurately classified when the ideal reference database is
available. However, it is not yet known whether this level of success can be achieved in
most practical applications of the technology. In the present study, the multiple sequence
alignment (MSA) of consensus sequences for the most common invertebrate prey
families of O. mykiss indicated that high universality of primers can be achieved when
carefully designed. PCR trials of individual prey taxa validated observations from the
MSA, showing that universal primers can generate amplicons for at least 97% of families
in a moderate sized, and taxonomically diverse, panel of aquatic and terrestrial
invertebrates. Thoughtful design of the sequencing strategy and amplicon library
preparation ensured that taxonomic classification would be performed on high-quality
reads with low error rates. Sequence reads of the ~180 base insert produced a 36-based
overlap with quality scores of greater than 30% on which paired-end reads could be
merged. Performance testing of the Naïve Bayes q2-classifier on known sequences (n =
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391) subsampled from the reference database show that sufficient sequence diversity
exists between families within the ~180 base insert and that underclassification occurs at
low rates (2.3%) when analogous reference sequences are present (Appendix). However,
the increase in underclassified reads from order (12.5%) to family-level (45.3%) in the
mock communities suggests that the reference database does not contain similar
sequences to many of the taxa used in the mock communities. While reference sequences
for species belonging to each of the target families were included in the database for
training the classifier, sequence diversity appears to exist within families which led to
lower confidence when assigning labels. These current limitations must be recognized for
making use of the existing resources, anticipating that taxonomic resolution achieved
through simulated tests will likely be higher than when applied to real samples. The most
direct path forward for improving the use of DNA metabarcoding for diverse community
analysis is substantially expanding barcode reference databases, focusing on taxonomic
groups that are most phylogenetically diverse. Conversely, the best immediate solution
for existing projects to overcome this limitation when targeting the COI region appears to
be increasing amplicon length, though we identified few alternative priming locations
that offer the same universality and prey DNA in feces is known to be partially
fragmented. From a molecular scatology perspective, large and small fragment DNA was
present in O. mykiss feces but the arrangement of host, bacteria, and prey DNA across
this distribution is still unknown. Future work should focus on describing patterns of prey
DNA fragmentation in fecal DNA isolations through size selection (e.g. magnetic bead
selection) and sequencing of different DNA size classes from samples.
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Data Availability for Full COI Sequences
Most COI sequences have primer regions trimmed, but this undermines future
efforts attempting to improve primer performance. We found that the original Folmer
forward priming region was the most universal among our target taxa and supported a
blocking oligo, but our in silico assessment was limited because few COI sequences
extended beyond the start of the COI insert region and the target priming region was
absent. For the field to fully benefit from a global COI barcode database of sequences
from voucher specimens, priming regions should be retained.
Unexpected Labels in Mock Communities
The unexpected taxonomic labels in mock communities likely originated from
eDNA carryover when selecting target specimens from bulk samples, hitchhiking
parasites, and GI tract contents of selected specimens. The role of misclassification in this
is thought to be minimal because this type of error typically occurs at very low rates with
the Naïve Bayes q2-classifier and unexpected labels were assigned with high confidence
levels. We propose that the impact of unexpected labels on evaluating assay performance
was minimal because they are not believed to be the result of misclassified target taxa
and they account for a relatively small percentage of the total reads.
Roughly 3.9% of reads at the order-level in Mock A belonged to unexpected taxa,
which increased by only to 1.7% (5.6%) when summarized at family-level. Note, the
increase from order to family is possible because the total number of reads classified at
family was less than at order. There are many potential sources of unexpected taxa labels,
including incorrect morphoID of specimens, carryover of eDNA from bulk invert sample
bottles when selecting target taxa, parasites on or in sampled taxa (mites, worms), GI
tract contents of sampled taxa (diets of taxa), misclassified sequence reads, and chimeric
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sequence formation during PCR. Some of the more controllable sources of this are not
believed to be the cause of unexpected labels in the present study: morphoID and
chimeric sequences. MorphoID was performed on specimens in good condition and with
appropriate training, and chimeric sequences are more likely to remain unclassified than
be classified incorrectly due to their unique structure (O’Rourke et al., 2020). As stated
previously, the q2-classifier generally has low overclassification and misclassification
rates, so we do not suspect that false positives of target taxa as unexpected labels should
be a subject of concern either. Furthermore, most unexpected labels were assigned with
confidence levels of >97%, with Ocnerodrilidae (89%) being lowest whose detection may
still be genuine. We expect that carryover of eDNA from unexpected taxa from bulk
aquatic arthropod samples is a likely source for the low-level detections of unexpected
aquatic taxa that we observed: Lestidae, Bufonidae, Leptophlebiidae, Nemouridae, and
Hydroptilidae. Trombidiformes are a diverse order of mites that includes both nonparasitic and parasitic terrestrial and aquatic species. They were detected at low levels
and their occurrence is potentially from both DNA carryover and parasites being attached
to target taxa. A variety of other taxa were recovered that we suspect are from stomach
contents of target taxa, especially Annelid worms for the comparatively high percentage
of sequences classified to Naididae (1.9%) and Ocnerodrilidae (1.8%): Naididae,
Ocnerodrilidae, Elateridae, order Ploima, Ichneumonidae, Cantheridae, Thyreochoridae,
Psychodidae, class Bdelloidea, and Pythiaceae.
The role of eDNA, prey parasites, and prey GI tract contents on molecular diet
analyses is not often discussed in the literature, but could have implications for evaluating
diet alpha diversity and feeding preference more so than studying the importance of
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forage types and patterns of growth. For example, the inability to disentangle prey
targeted by O. mykiss and the forage of predatory prey could inflate estimates of diet
alpha diversity. Still, the size of these effects on our analysis of O. mykiss GI tracts may
be inconsequential, as the diet diversity we observed closely reflects the results of studies
in the region which used morphoID (Rundio & Lindley, 2008, 2021). To limit these
potential sources of bias, a percentage threshold for detection may be applied to constrain
analyses of diversity to taxa which represent a modest proportion of the total diet
composition. The same strategy can be applied when evaluating composition, but we
question whether doing so is necessary or even appropriate when attempting to identify
key sources of nutrition and important trophic interactions.
Compositional Estimates
The orders that were associated with the most families during mock community
construction were Coleoptera (6) and Diptera (7), which also had the highest relative
abundances, which were greater than expected. Conversely, orders with the fewest
number of taxa had the lowest relative abundances and all orders that were represented by
only one taxon had abundances that were below their expected values. Orders with more
families, and thus more DNA, generally had higher than expected relative abundances,
while orders with fewer families had lower than expected relative abundances. This
provides evidence that PCR biases with regards to read abundance exist, which is
consistent with other tests on COI mock communities, but the impact of this is most
evident when taxa are over abundant or at extremely low abundances (Braukmann et al.,
2019).
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Alpha diversity analysis of juvenile O. mykiss GI tracts showed that most diets
contained between 3 and 5 prey taxa orders compared to the more diversity Mock A
community which contained 15. Mock E0, E1, and E2 contained only four orders and
served as a more realistic and less rigorous test of the method, ultimately showing better
relationships between expected and observed values. The overall community structure of
the three mock communities was captured through sequencing, where the relative
abundances of Diptera, Hymenoptera, and Araneae DNA in communities was reflected
moderately well as read abundances. Coleoptera presented the only major discrepancies
here, where family-level classification was inaccurate and overall abundance of the order
was lower than expected in all three communities. The occurrence of Annelida and lower
abundance of Coleoptera in these smaller mock communities suggests that the
unexpected presence of Annelida is originating from contamination in Coleoptera DNA
libraries used for pooling or misclassification of Coleoptera as Annelids. Despite this
complication, it appears that read abundances reflect the composition of DNA in O.
mykiss diet-like samples, 3-5 taxa groups, well compared to unrealistically diverse
artificial mock communities. Future work should expand the testing of this primer set to
better understand its limitations in estimating diet composition from mock communities
and investigate how read abundances relate to prey count, mass, and energy content.
Blocking Oligo Treatment
Overall, we see that the inhibition of trout DNA amplification in PCR does not
lead to improved amplification of other taxa, and that amplicon yield from prey
communities is driven by prey template DNA concentration in PCR rather than the
abundance of non-target taxa. Greater than 50% of reads in four untreated O. mykiss diet
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communities were classified as O. mykiss, while reads in samples treated with the
blocking oligo were mostly arthropods. However, the purpose of using the blocking oligo
for the presented diet analysis is to improve sequencing results of the prey taxa
community by inhibiting predator DNA amplification (Leray et al., 2013; Vestheim &
Jarman, 2008). This leads with the assumption that predator amplification is synonymous
with biases against prey DNA amplification. While this may still be true, we find that the
addition of the blocking oligo greatly diminished predator reads but does not substantially
change or improve the amplification of prey taxa. Assuming that all prey taxa in GI tract
communities could be amplified by the primers after blocking oligo treatment, we see
that the assay may be more sensitive without blocking oligo use because non-treatment
communities recovered slightly more prey taxa. This offers little justification for the use
of the blocking oligo despite its effectiveness at inhibiting predator DNA amplification in
PCR.
Juvenile O. mykiss Diet Analysis
Samples used for molecular ecology should generally be promptly frozen before
DNA is isolated from them within a couple of months, but specimens used here for
method testing were gathered as incidental take. Despite their use for molecular work
being an unconceived notion at the time of handling, the diet analysis results we yielded
from them are consistent with the feeding ecology of juvenile O. mykiss in the region.
Specimens were not stored on ice or frozen until the end of the fish rescue shifts (8 hours)
which could have affected DNA integrity. Additionally, specimens were stored for more
than one year before diet samples were dissected and DNA isolations were performed.
With these limitations, we found compelling evidence that the breadth of taxa they prey
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on increases with length, as shown through our analysis of diet alpha diversity. We also
show some indication that aquatic invertebrates are an important component of small
juveniles (< 70 mm) and terrestrial invertebrates are more important for pre-smolts (90119 mm). These finding are consistent with the most contemporary work for O. mykiss on
the Central California coast (Merz, 2002; Rundio & Lindley, 2008, 2019, 2021). An
unexpected result is the occurrence of reads in larger juveniles that are most similar to
western chub and longfin dace reference sequences. To the author’s knowledge, chub and
dace have not been documented in the small and well-studied Carmel River in recent
years. While sequences were classified to these labels with confidence levels greater than
98% and their read abundances suggest they are not due to contamination, we suspect
that these sequences belong to other small fishes present in the Carmel River that are not
well represented in barcode reference databases.
Non-native Fishes in O. mykiss Diet Samples
Poeciliidae, Scorpaenidae, and Serranidae were all very low in abundance in O.
mykiss diet samples. Poeciliids were classified to Poeciliopsis monacha, Poeciliopsis
occidentalis, and Heterandria formosa. Scorpaenid reads were classified only to genuslevel as Sebastes sp. and Serranids were classified to Serranus subligarius. All
Poeciliidae and Serranidae species were previously studied in the lab as well as black
rockfish in the family Scorpaenidae. This provides possible sources of contamination in
the form of carryover from prior sequencing runs or the result of contaminated dissection
supplies, though all supplies were cleaned with bleach and Ethanol prior to dissections.
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SUPPLEMENTAL METHODS

Ch.1 Supplemental Table 1. q2-feature classifier (Naïve Bayes) tested on vouchers
sequences from references database at confidence thresholds ranging from 70% to 98%.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Order

Family

Amphipoda
Anomopoda
Araneae
Araneae
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Decapoda
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Hemiptera
Hemiptera
Hymenoptera
Hymenoptera
Hymenoptera
Isopoda
Lepidoptera
Odonata
Odonata
Orthoptera
Orthoptera
Plecoptera
Plecoptera
Plecoptera
Sphaeriida
Trichoptera
Trichoptera
Trichoptera
Tricladida

Hyalellidae
Daphniidae
Lycosidae
Theridiidae
Coccinellidae
Dytiscidae
Elmidae
Psephenidae
Staphylinidae
Tenebrionidae
Astacidae
Chironomidae
Chyromyidae
Culicidae
Fanniidae
Simuliidae
Stratiomyidae
Tipulidae
Baetidae
Heptageniidae
Leptohyphidae
Corixidae
Veliidae
Formicidae
Tenthredinidae
Vespidae
Porcellionidae
Geometridae
Aeshnidae
Coenagrionidae
Acrididae
Gryllidae
Perlidae
Perlodidae
Pteronarcyidae
Sphaeriidae
Glossosomatidae
Hydropsychidae
Rhyacophilidae
Planariidae

Entries (n) 70%
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
1

0
0
0
0
0
0
0
0
3
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0

72%

74%

76%

78%

80%

82%

84%

86%

88%

90%

92%

94%

96%

98%

0
0
0
0
0
0
0
0
3
0
0
1
0
0
0
0
2
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
3
0
0
1
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
3
0
0
1
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
3
0
0
1
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
3
0
0
1
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
3
0
0
1
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
3
0
0
1
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
3
0
0
2
0
0
0
0
3
0
0
0
0
0
0
1
0
0
0
2
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
1
0
0
0
0
4
0
0
2
0
0
1
0
3
0
0
0
0
0
0
1
0
0
0
2
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
1
0
0
0
1
4
0
0
2
1
0
1
0
3
0
0
0
0
0
0
1
0
0
0
2
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
1
0
0
0
1
4
1
0
2
1
0
1
0
3
0
0
0
0
0
0
1
0
0
0
2
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
1
0
0
0
1
4
1
0
3
1
0
1
0
3
0
0
0
0
0
0
1
0
0
0
2
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
1
0
0
0
1
4
1
0
6
1
0
1
0
3
0
0
0
0
0
0
1
0
0
0
2
0
0
0
1
0
0
0
0
0
0
0
0

0
0
1
1
0
0
0
1
5
1
0
6
1
0
2
0
3
0
0
0
0
0
0
1
0
0
0
3
0
0
0
1
0
0
0
0
0
0
0
0
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CH. 1 APPENDIX B
SUPPLEMENTAL FIGURES

Ch.1 Supplemental Figure 1. CRSA diet sample Rarefaction Curves of ASVs, rarefied at
11,312 reads.
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CHAPTER 2

THE DIVERSE AND VARIABLE GUT MICROBIOTA OF WILD JUVENILE
COASTAL RAINBOW TROUT/STEELHEAD IN CALIFORNIA
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ABSTRACT
The Diverse and Variable Gut Microbiota of Wild Juvenile
Coastal Rainbow Trout/Steelhead in California
Bryan Van Orman
Master of Science in Environmental Science
2022
Intestinal microbiota and host biology may co-vary in wild populations through
adaptive processes and explain group-specific responses to climate modes, anthropogenic
threats, and recovery efforts. Alternatively, microbes that are universally seen in all
individuals of a species may indicate significant host-microbe associations that denote
health or disease irrespective of environment or lineage. Coastal rainbow trout
(Oncorhynchus mykiss irideus) on the California coast are threatened or endangered, and
often express co-occurring migratory and resident life history forms in geographically
isolated subpopulations. They are an ideal system to investigate gut microbiomes in wild
populations for their unique genomic architecture, life history diversity, and relatively intact structure of isolated subpopulations. By sampling O. mykiss irideus from seven river
systems, we evaluate if: gut microbiota of wild California populations differ from
published findings, if host biology and environment are drivers in gut microbiota in wild
populations, and if microbiomes offer opportunities for evaluating health, disease, and
diversity in wild populations. We use data from 16S rRNA metabarcoding and
genotyping of 95 single nucleotide polymorphisms and show that intestinal microbiota
vary by geography and fish size while maintaining many of the same taxonomic clades.
Microbiome composition and potential core bacteria differed from most published
findings, with the most similar results being from the few studies on wild or semi-wild
populations that reside within the species’ range. There was not strong support for core
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microbiota for the species as none of the most abundant or prevalent bacterial genera
were the same as those found in comparable studies to the north. There was evidence for
an unknown covariate which produces two main gut microbiome types, and the
legitimacy of this observation was confirmed in the literature and attributed it to an
unknown intrinsic factor of the host. Haplotypes of the migration associated region
(MAR) on chromosome Omy5, genetic sex, and sibling relatedness did not affect
microbial communities, nor did bacteria in river water explain spatial differences. Both
pathogenic and beneficial bacterial genera documented in the intestinal microbiomes of
Salmonids were prevalent and abundant across wide geographic scales and varied with
fish size. These results suggest that certain bacteria, while not classified as core, may be
ecologically important in wild O. mykiss intestinal microbiomes. Finally, the identified
spatial and size-based differences in composition and diversity that may be indicative of
microbiome associations that result from local adaptation and ontogenetic shifts in
physiology or diet.
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Introduction
The state of California is a diverse and resource-rich region of North America that
has one of the largest global economies (US Department of Commerce, 2018). Fertile
agriculture land, vast and abundant commercial fishing grounds, and rich mineral
deposits are among the features that have attracted people to the state for the last two
centuries (Bancroft, 1890). Human development typically congregates near water,
especially in areas where both freshwater and marine environments meet (Flint, 2014).
California has the third-longest coastline and supports more coastal residents than
anywhere in the United States (Lester & Matella, 2016). Coastal habitats in California
also support the highest natural biological diversity in the country (Conservancy (U.S.),
2000; Noss & Scott, 1995). However, California’s large population and bustling economy
has created many natural resource issues, exacerbating human impacts on the diverse
local ecosystems that exist in the region. As human activities continue to obstruct the
processes of our natural world, there will be a growing need to understand the ecosystems
that surround us and what is most important for their sustainment (Moyle and Williams
1990; Pereira et al. 2012; Brooks et al. 2006). An iconic species of North America that
has suffered substantially from human activities is Oncorhynchus mykiss (rainbow trout).
Rainbow trout are one of the most widespread freshwater fish in the world;
renowned for being superb sport fish and subjects of both freshwater and marine
aquaculture (Boudry et al., 2021; Halverson, 2010). The most ubiquitous subspecies on
the California coast is O. mykiss irideus (coastal rainbow trout). Streams along the
California coast have historically produced abundant habitat for spawning and rearing,
but wild populations are vulnerable to the human development that has occurred
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throughout the state for their strict habitat requirements (Crozier et al. 2019). As a result,
indigenous populations along the Pacific coast of North America have severely declined
since the mid-1800’s. Now, most coastal rainbow trout in the state have been listed on the
federal Endangered Species Act (ESA) for being at-risk for extinction (NOAA, 2006).
The ultimate goal is recovering threatened and endangered O. mykiss so they can be
removed from the Federal List of Endangered and Threatened Wildlife (50 CFR 17.11;
50 CFR 223.102). Recovery planning is focusing on improving freshwater and estuarine
habitat that bolsters abundance, growth rate, spatial structure, and diversity (NOAA,
2016). A component of O. mykiss biology that may be important for understanding how
these metrics for success will fluctuate in response to planned recovery activities, is the
intestinal (gut) microbiome.
Fish gut microbiomes have been an active subject of research for more than 20
years, with valuable discoveries on the importance of microbial communities coming
from both clinical and aquaculture research. In artificial rearing conditions, like those
found in the aquaculture industry, O. mykiss are often susceptible to disease and stress
which affects their marketability (Procarione et al., 1999). Looking to ameliorate the
negative effects of captive rearing on fish production, industries have broadly invested in
research to understand factors that affect their health. This research has blossomed in the
last 15 years, producing evidence that prebiotic and probiotic treatments can improve
metrics of health, including growth (Aubin et al., 2005; Farzad et al., 2021; S. H.
Hoseinifar et al., 2015; S. h. Hoseinifar et al., 2017; Zorriehzahra et al., 2016). The most
recent work has also shown that selectively bred lines exhibit different gut microbiome
compositions and diversities which correlate with their susceptibility to diseases (R.
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Brown et al., 2021; Labitt et al., 2021). Serving as experimental systems for clinical
microbiome studies, researchers have supplemented the use of more traditional model
organisms for rainbow trout and also demonstrate how their uniquely complex genetic
variation influences microbial communities (Balcázar et al., 2006; Gómez & Balcázar,
2008; D.-H. Kim & Austin, 2006; Panigrahi et al., 2004). Like the aquaculture sector,
clinical studies converged on the gut microbiome as being a facet of vertebrate biology
that is important and feasibly monitored. They also provide evidence that these microbial
communities are influenced by heritable factors, along with environment and diet, which
is an important consideration because growth rate, spatial structure, and diversity of wild
coastal rainbow trout are closely associated with genetics.
Species in the family Salmonidae are typically migratory, but coastal rainbow
trout are more variable with regards to life history. While their two main pathways,
migratory and resident (non-migratory), often sympatrically occur in populations, there is
still high variability within these pathways that are collectively described as alternative
migratory strategies (Hayes et al., 2012; McPhee et al., 2007; Olsen et al., 2006). The
migratory and resident life histories define adults as either anadromous steelhead or
resident rainbow trout. Because there are dramatic differences between the adults of each
with respect to size, morphology, habitat utilization, diet, and physiology, life history is
an important consideration when studying other components of their biology (Hirata et
al., 1988; Pereira & Adelman, 1985; Zaugg & Wagner, 1973). Government and academic
research on wild individuals have identified a single, complex, genomic region of
chromosome Omy5 implicated in migratory behavior (Pearse et al., 2014). This region
evidently contains many traits which influence their early growth and development, and
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ultimately their migration propensity, and thus is referred to as the Omy5 Migratory
Associated Region (MAR). Genotypes for each of these genes that confer high migration
propensity tend to be inherited in conjunction, while the complementary genotypes that
confer residency tend to be inherited together also. In effect, there are two main
haplotypes (versions) of the MAR, which yield three diplotypes: migratory-migratory
(MM), migratory-resident (MR), and resident-resident (RR). It is for this reason that the
MAR can be used as a practical tool for categorizing the migration propensity of
individuals. By genotyping the SH121006 locus in the MAR region of both Omy5
chromosome copies, trout can be classified into the three diplotypes (Ch2. Fig1.).

Ch2. Figure 1. Haplotype and diplotype diagram illustrating genotyping strategy for the
migration associated region of Omy5.

The intestinal microbiomes of wild O. mykiss in their native range have been
explored quite minimally. For the apparent relevance of gut microbiota for O. mykiss
health and status as an ESA listed species, the goal of the present study is to gain novel
insight into their gut microbiota and the factors driving host-microbe associations in wild
populations with the following hypotheses.
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(1) We hypothesize that there are core bacterial clades which are ubiquitous and abundant
across host intrinsic and geography. In our investigation, we seek to characterize the
diversity of associated bacteria and determine whether there are invariable microbial
symbionts that may serve key roles for the host. Intrinsic factors we included were MAR
diplotype, genetic sex, sibling relatedness (parentage), and fork length. We defined
geography as sampling locales, where each locale is intended to best capture the
population genetic structure of California O. mykiss irideus at the subpopulation level.
Often this is synonymous with entire drainages because many watersheds on the
California coast are small, but large systems like the Klamath River contain multiple
genetically distinct subpopulations which were separated into different locales for the
present study.
(2) We hypothesize that geography will be an important predictor of trout microbiota, where
individual fecal microbiomes will be more similar within populations than between them.
The gut microbiota of Salmonids not only vary with lineage and location in hatchery and
experimental lines, but wild and hatchery coastal rainbow trout in Oregon show
significant drainage-specific variability in gut microbiota (Kirchoff et al., 2022; Lyons et
al., 2017; Uren Webster et al., 2018). Signals for divergence in genetic structure between
populations in California appears to be largely in-tact despite the many forms of human
disturbance in the region (Garza et al., 2014). For this, we expect that differences in
habitat characteristics and divergence of reproductively isolated O. mykiss populations
has resulted in similarly diverged host-microbe associations.
(3) Lastly, we hypothesize that gut microbiota will differ between the anadromous and
resident life histories, and that trends in these differences will be observed as correlations
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between the abundance of certain microbial taxa and genotype at the SH121006 locus.
Environment plays a major role in growth rate, but underlying trends in life history
variability is driven by genetics (Hecht et al., 2012; Miller et al., 2012; Pearse et al.,
2014). While adult steelhead are typically much larger than adult resident trout, those that
become steelhead typically experience slower growth rates early in life when compared
to their resident counterparts, and much of this variability is explained at the MAR
(Rundio et al., 2021). Due known associations between host physiology and gut microbe
mediation, and the linkage of host physiology and genes in the MAR, we expect MAR
diplotype to be a significant predictor of microbial communities. Specifically, diplotypeassociated gut microbiota may be evidence that genes in the MAR confer specific
microbiome traits in addition to traits that have known correlations with early
development and life history diversity.

Materials and Methods
STUDY AREA
The geographic consistency of steelhead population genetic patterns in the study
region are believed to be mostly intact, despite various human impacts in California’s
recent history (Garza et al., 2014). We sampled 21 sites in 14 catchments across 7
watersheds; watersheds were located in all three production units of the National
Hydrography Dataset (NHD) Hydrologic Region 18 (Moore et al., 2019; Ch2. Fig2.). We
targeted natural origin populations in predominantly pristine stream habitat to reduce
drainage-based biases associated with human development. Sampled watersheds were
undammed, with the exception of Bogus Creek in the Klamath River drainage and
Walker Creek. To control for the unknown effects of introgression that hatchery or
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captive-reared trout may have on the gut microbiota of wild populations, none of the
sampled watersheds received hatchery supplementation in recent history. All systems
were absent of hatcheries and rearing facilities, with the exception of Bogus Creek,
Klamath River. The role of hatchery introgression on wild trout gut microbiota
communities is unknown, however there are numerous studies which document the
introgression of traits associated with captive-rearing in wild populations following
hatchery supplementation (Small et al. 2007; Araki et al. 2008).
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Ch2. Figure 2. Sampled watersheds across 1,000 km of the California coast. Juvenile presmolt steelhead and resident rainbow trout were sampled for fin clips, biometric
measurements, and feces. Samples were used to assess possible coevolutionary relationships
between rainbow trout life history and intestinal microbial communities of the gut.
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SAMPLE COLLECTION AND DNA EXTRACTION
Fish were captured via backpack electrofishing and seine netting and placed under
mild anesthesia (MS-222) for sample collection and data recording before being returned
to the sampled stream reach. Samples were collected from July 2017 to July 2018
through a cooperative effort between Dr. Wilkins, members of the National Oceanic and
Atmospheric Administration (NOAA-SWFSC) Landscape Ecology Team based in Santa
Cruz, CA, and other academic and agency colleagues involved in juvenile O. mykiss
sampling in streams throughout the study region. Juveniles were sampled in the Summer
and Fall, July through November, to target streams before late-Fall rains facilitate
juvenile migration to the sea. Juveniles occasionally exhibit semi-migratory behavior,
where they travel downstream and stage in an estuarine environment while showing
smolt characteristics before returning to upstream habitats when estuary conditions
deteriorate (Hayes et al., 2011). Inhabiting a marine-type estuary habitat may influence
condition, diet, and microbiota whose indications persist after returning to the stream
habitats targeted in the study. To minimize the influence that this behavior may have on
the study, we attempted to sample during periods when this alternative migratory
behavior is less frequent.
Fin clips were taken from the caudal (tail) fin for host genetic analysis and fecal
samples were collected for microbiome analysis. Fecal samples were obtained by gently
applying pressure to the fish’s abdomen above the pelvic fins while sweeping towards the
ventral fin in a process called stripping. Often, fish would defecate during handling, in
which case the fecal sample was collected, making the stripping process unnecessary.
Microbial communities of stream water were sampled from each site by passing river
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water through filters to compare fish microbiomes with the community profiles of their
environment. Other details regarding trout condition were also recorded as comments,
including signs of disease and injury. Fin clips, feces, and water samples were stored in
80% ethanol and frozen at -80 °C prior to DNA isolation. Following the methods of
Abadia-Cardoso et al., fin clips were digested in proteinase K prior to purification with a
DNeasy 96 Blood and Tissue kit (QIAGEN Inc.) (Abadía-Cardoso et al., 2013). Fecal
DNA was isolated with a ZymoBIOMICS kit and DNA from filtered water samples was
isolated with DNA PowerWater kits following the manufacturer’s instructions.
MOLECULAR METHODS
The 16S rRNA gene was sequenced at Dalhousie University, Canada using the
519F forward (5′-CAGCMGCCGCGGTAA) and 785R reverse (5′TACNVGGGTATCTAATCC) primers to target the V3-V4 subunits. Four negative
control samples were sequenced to assess contamination post-sequencing: OmyF107,
OmyF153, OmyF262, and OmyF354. Genomic DNA from fin clips was genotyped at 95
single nucleotide polymorphisms (SNP) for parentage and population genetic analysis
(Abadía-Cardoso et al., 2011, 2013; Pearse et al., 2014). Genotyping was performed with
Applied Biosystems TaqMan assays and SNP data were used for estimating pedigree
relatedness. Gene content (genotype) at the OmyR0M9MM locus was used as a marker
for MAR haplotypes, migratory and resident. The detection of one or both of these
haplotypes determines diplotype (MM, RM, RR) at the polyallelic MAR region. MAR
diplotypes serve as a moderately effective proxy for migration propensity of O. mykiss
prior to ocean-entry. SNPs were used for genotyping because they are associated with
fewer genotyping errors, reduced mutations, and their use is more easily standardized
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across laboratories (Abadía-Cardoso et al. 2011). We used TaqMan assays for a Y
chromosome-linked gene probe and an invariant autosomal control gene to determine
genetic sex (Brunelli et al., 2008). Genotyping was performed with 96.96 Dynamic SNP
Genotyping Arrays on an EP1 system (Fluidigm). Two negative controls were included
in each array and genotypes were called using Genotype Analysis Software v. 3.1.1
(Fluidigm Corporation, So. San Francisco, CA, USA) (Miller et al., 2012).
16S DATA PROCESSING
Adapter and spacer regions were removed from raw 16S rRNA sequence reads
with the Cutadapt v1.8.1 algorithm before being filtered through the DADA2 v1.16
microbiome sequence processing pipeline (Callahan et al., 2016; Martin, 2011).
Taxonomic classification was done in DADA2 with the latest version of the SILVA
dataset (Quast et al., 2013). Prior to taxonomic classification, rainbow trout sequences
were manually added to the Silva dataset so that host sequences would be identified. A
phylogenetic tree was constructed from amplicon sequence variants (ASV) using the
VEGAN package v2.6-2 before microbiome data were combined with other data streams
for statistical analyses (McMurdie & Holmes, 2013; Oksanen et al., 2019). ASVs found
in the negative controls, Eukaryotes, Cyanobacteria, and Apicomplexa reads were
removed prior to calculating diversity statistics. Rarefaction curves of ASV richness
against sampling depth were plotted against read count determine a sampling depth to
rarefy reads of each sample to that retains most samples and their taxonomic diversity.
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DIVERSITY ANALYSIS
Microbiome alpha diversity metrics were calculated from rarefied samples for
ASVs as well as genus, family, order, class, and phylum levels (rarefied to 500 reads per
sample) using rrarefy() in R. Observed richness and Shannon-Wiener diversity index
were calculated with diversity() of the VEGAN package in R. Taxa with a proportion of
at least 0.01 relative to the total number of reads in a sample were considered detected for
prevalence calculations, defining our threshold for detection as a relative abundance of
1%. Composition of bacterial communities were summarized as relative abundance,
prevalence (also occurrence) across samples, and beta diversity. Bray-Curtis dissimilarity
was used as the beta diversity metric for quantifying compositional differences between
bacterial communities based on taxa presence and abundance, but not phylogenetic
diversity.
Effect of Kinship
Pseudoreplication of microbiomes by the sampling of siblings would need to be
controlled for if sibling microbiomes were closely correlated (Funkhouser & Bordenstein,
2013; Lombardo, 2008). The rate of false positives increases substantially when
attempting to identify O. mykiss families based on sibling pairs, so families were
identified using a threshold of three or more. The effect of kinship on microbiome
composition was not evaluated at all locations due to the absence or low sample size of
individual families. The effect of kinship was independently tested for at three sampling
areas where samples included replicates of singletons and at least one family with modest
samples replication. Between sample dissimilarity was calculated as Bray-Curtis
dissimilarity where the null hypothesis is that distances between sibling communities is
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not different than distances to singletons (i.e., non-sibling). Siblings were grouped by
family identifiers while singletons were assigned a universal singleton identifier.
Statistical significance of the main effect for explaining variance in the beta diversity was
calculated by performing Permutational Multivariate Analysis of Variance
(PERMANOVA) with the Adonis() function in the vegan package in R.
Multivariate Analyses
We conducted Welch two sample t-tests to evaluate the effect of sex on mean
alpha diversity (observed richness and Shannon Wiener Index). The effect of size class,
geography, and MAR diplotype on alpha diversity were analyzed using ANOVAs. Post
hoc pairwise associations of main effects and interaction effects in ANOVAs on alpha
diversity were further examined with Tukey honestly significant difference (HSD) tests.
We also tested the relationship of fork length on alpha diversity using simple linear
regressions at different taxonomic levels. Bacterial composition of fecal communities
were compared with PERMANOVAs on beta diversity. Initial tests and post hoc analyses
of significant effects were analyzed using the phyloseq package, and adonis() and
pairwiseAdonis() commands from vegan in R.
Core Microbiota
Identifying core microbiomes currently relies on subjective methods which use
occurrence, relative abundance, or a combination of both. Many studies rely solely on
occurrence and most studies require a 100% occurrence to be considered core. The most
liberal studies require 30%, and some require between 50-99.8% (Neu et al., 2021). A
limitation of setting the threshold to 100% is that the analysis is subject to sampling
depth, where low abundance taxa may not be detected due to inadequate sampling depth.
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Conversely, fewer studies rely fully on relative abundance for identifying core microbes
because samples are often only taken at a single point in time, while the relative
abundances of ecologically important and nonimportant taxa may fluctuate temporally
(Astudillo-García et al., 2017). A limitation of both methods is that low abundance taxa
may not be detected due to sampling depth or disregarded when inferring ecological
importance based on abundance despite still playing important functional roles. Here, we
report the prevalence and mean relative abundances of taxa and find that the scarcity of
genera which occur in at least 30% of O. mykiss microbiomes suggests that a 30%
prevalence threshold is suitable for identifying potential core microbiota. Additionally,
very few genera have mean relative abundances of 1% or greater and those with high
prevalence and mean relative abundances of at least 1% were identified as candidate core
microbiota or pathogens.
The primary cleaned dataset was subset further based on prevalence and mean
relative abundance to investigate lower taxonomic levels more deeply. To evaluate core
bacteria, and bacteria whose occurrence varies with fork length and geography, we
created a subset of genera with prevalence values and mean relative abundances of at
least 5% and 1%, respectively. Using a prevalence threshold of 5% is relatively low with
regards to identifying core taxa but allows for our investigation to be sensitive to bacteria
that are prevalent at a single sampling locale despite occurring at low levels overall. A
mean relative abundance threshold of 1% was used because only eleven genera had
values that met this threshold. All genera with mean abundances of 1% or greater had
prevalence values of 5% or greater. Rarefaction curves were plotted for the subset dataset
and only samples with at least 150 reads were kept.
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Results
SEQUENCED 16SRRNA NEGATIVE CONTROLS
Negative controls for 16S rRNA sequencing were examined to identify bacterial
contamination that could confound O. mykiss gut microbiome analysis. Two of the four
negative controls produced cleaned sequence reads after quality filtering. Reads in
negative controls were from 19 ASVs, with the majority of reads in samples being
classified to the kingdom Eukaryota. There were ten bacteria detected, all of which were
from the OmyF354 negative control and most bacterial reads were classified to genus:
Enterococcus, Limosilactobacillus, Staphylococcus, Bryobacter, Candidatus
Trichorickettsia, unknown Comamonadaceae, Noviherbaspirillum, Tolumonas,
Enhydrobacter, and Pseudomonas. All ASVs detected in these controls were removed
from the entire dataset prior to downstream analyses.
The bacterial reads assigned to the family Comamonadaceae were the most
abundant with 103 reads, while being the only reads not classified to genus. The mean
relative abundance of each genus was calculated across non-control samples in the
uncleaned dataset to assess how removing contaminant ASV may affect gut microbiome
analysis. The mean relative abundance of Enterococcus was 4.0%, Limosilactobacillus
was 1.6%, Staphylococcus was 0.9%, Bryobacter was 0%, Candidatus Trichorickettsia
was 0%, Comamonadaceae_unknown was 1.1%, Noviherbaspirillum was 0.4%,
Tolumonas was 0%, Enhydrobacter was 0.1%, and Pseudomonas was 1.9%. The most
abundant bacteria in the dataset that was also detected in the negative controls was
Enterococcus. The relative abundance of Enterococcus in the negative control was 2.8%,
which is comparable to its mean relative abundance in microbiome samples. All bacterial
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genera detected in the negative controls were removed from the final microbiome dataset.
The greatest potential implications are from the removal of Enterococcus,
Limosilactobacillus, Comamonadaceae_unknown, and Staphylococcus because these taxa
accounted for 0.9% to 4.0% of sequenced communities prior to removal. Enterococcus
was present in 36 samples with a total of 8,845 reads, and 6,535 of these reads came from
five samples. Removing bacterial genera that were present in the negative controls from
the microbiome dataset removed 21,155 reads, leaving 2,250,005 read.
IDENTIFICATION AND REMOVAL OF OUTLIERS
We manually curated the dataset and identified 15 outliers whose community
structure was highly abnormal relative to the patterns observed across all sampled
communities. Outliers were identified through orientation of community beta diversity
and evaluation of bacterial community structure was done with read abundances. Outliers
differed in composition and diversity from the main dataset enough to obscure cluster
visualization when Bray-Curtis dissimilarity matrices were plot in ordinal space (nMDS).
Bacterial abundances in candidate outliers were summarized at all taxonomic levels to
identify key microbiome features driving their distinctiveness. Removing these outliers
represented a loss of 6% of the sampled communities. Removed samples originated from
the Klamath Upper (n = 5), Klamath Lower (n = 3), Freshwater Creek (n = 1), Eel River
(n = 3), Walker Creek (n = 1), and Big Creek (n = 1) locales.
OmyF4, OmyF135, and OmyF203 were confirmed outliers because Clostridium
sensu stricto 1 had an uncharacteristically high relative abundance of at least 95%.
OmyF89, OmyF92, and Omy104 were outliers for a similar reason, where greater than
88% of their compositions were Yersinia. OmyF101 was an outlier because 94.2% of its
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composition was Ignatzschineria, which was a rare genus found in only two other
samples at low abundance. OmyF106 was an outlier because 91.0% of its composition
was Neorickettsia, which was a rare genus found in only two other samples at low
abundance. OmyF133, OmyF241, and OmyF242 were outliers because a large
percentage of their compositions were underclassified reads whose removal resulted in
rare taxa having uncharacteristically high relative abundances. OmyF319 was an outlier
because it contained a comparatively high abundance of Rhodoferax and Sphaerotilus
which were found at low abundances in few other samples. OmyF340 was an outlier
because 99.2% of its composition was Wohlfahrtiimonas, which was a rare genus found
in only eight other samples at relatively low abundances. OmyF344 was an outlier
because it was the only sample to contain Hydrogenophaga which accounted for 35.0%
of the sample.
FINAL DATASET
The final cleaned dataset containing only bacterial reads included 234 samples
with 883 ASVs). Genera were distributed over 110 families, 64 orders, 24 classes, and 15
phyla, which are discussed more deeply in later sections. Genetic sex analysis showed
that 120 were females and 114 were males. Parentage analysis determined that 61
individuals belonged to 13 families. SH121006 genotyping for MAR diplotype showed
that 110 carried the full migratory (MM) MAR haplotype, 84 were heterozygous (RM),
and 40 were full resident (RR). Full resident MAR haplotypes were found at 5 of the 7
sampled watersheds, while MM and RM haplotypes were found in all watersheds.
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EFFECT OF SIBLING RELATEDNESS ON FECAL MICROBIOMES
We found no significant evidence that the composition of fecal bacteria is more
similar between siblings than between non-siblings within the same sampling area.
Analyses were conducted via PERMANOVA of Bray-Curtis dissimilarity matrices on
communities from three sampling areas that had sample replication for multiple families
and singletons: Big Creek, Redwood Creek, Fox Creek 1. Comparisons were performed
among samples from the same sampling area, with siblings being assigned family
identifiers and singletons being assigned unique identifiers. There were 15 samples from
three families in the Big Creek watershed with an additional 27 singletons (n = 42, R2 =
0.72482, P = 0.202). There were four samples from one family in the Redwood Creek
watershed and an additional 14 singletons (n = 18, R2 = 0.80386, P = 0.540). There were
ten samples from three families in the Fox Creek 1 locale with an additional siz
singletons (n = 16, R2 = 0.45966, P = 0.746). The Big Creek watershed had many
sampling locales, but siblings were found across multiple locales and environment varies
minimally throughout the sampled portions of this system. The Redwood Creek
watershed was sampled at a single locale. The Eel River watershed was sampled at
multiple locales between two tributaries, but multiple families with sample replication
were found for the Fox Creek 1 locale, allowing us to better control for spatial effects in
our analysis.
EFFECT OF GENETIC SEX ON FECAL MICROBIOMES
We found no significant evidence that mean alpha diversity differed between
genetic males and females when evaluated for observed ASVs and bacterial families (P =
0.569, P = 0.605; Ch2. Fig3a.; Ch2. Fig3b.). There was no significant evidence that beta
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diversity of O. mykiss microbiomes differed between sexes when evaluated on ASVs and
families either (P = 0.979, P = 0.594). We performed Welch two sample t-tests on alpha
diversity (observed richness), and PERMANOVA on beta diversity (Bray-Curtis
distances).

Ch2. Figure 3. (a) Bacterial alpha diversity of genetic male and female juvenile O. mykiss
irideus gut microbiota sampled from seven California coastal drainages. No significant
difference in mean amplicon sequence variants. (b) Bacterial alpha diversity of genetic male
and female juvenile O. mykiss irideus gut microbiota sampled from seven California coastal
drainages. No significant difference in mean bacterial families.

EFFECT OF FORK LENGTH ON FECAL MICROBIOMES
Alpha Diversity by Fork Length
Richness of families, genera, and ASVs were positively correlated with FL, and
adjusted R-squared values were 0.0264, 0.0258, and 0.0230, respectively (P = 0.007, P =
0.017, P = 0.012). When family richness was plotted against FL, alpha diversity was
highly variable in fish from 50 and 100 mm, and the dataset contained few fish greater
than 100 mm (Figure 3a). Alpha diversity was not significantly correlated with fork
length at other taxonomic levels for observed richness or Shannon Index. There was weak
evidence that alpha diversity differed by size class when analyzed at six levels, including
ASVs and excluding kingdoms (Ch2. Fig4a.). ANOVA analysis of family and genus-
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richness showed a significant effect of size class (P = 0.017; P = 0.022). However, there
was not enough evidence to reject the null hypothesis upon post hoc pairwise
comparisons (P > 0.054; Tukey HSD; Ch2. Fig4b.). There was no evidence that Shannon
Index significantly differed by size classes (P > 0.078). Overall, this provides moderately
compelling evidence that juvenile O. mykiss fecal microbiomes vary with fork length.

Ch2. Figure 4. (a) Relationship between measured fork length and microbial family alpha
diversity (observed richness) in fecal microbiomes (P = 0.007, R2 = 0.0264). (b) Alpha
diversity (Observed Richness) of 234 fecal microbiomes in four size classes. Tukey Honest
Significance test of the ANOVA model showed no significant difference between size classes.

Beta Diversity by Fork Length
Ordination analysis of community composition dissimilarities did not show
distinct clustering of communities based on size class, but PERMANOVAs found that
size classes explained a low level of variance. Analyses at all hierarchical levels, except
class, found that community composition significantly differed between size classes, but
the effect sizes of these differences were lower than 0.04 (P < 0.05). With the exception
of phylum-level (R2 = 0.0350), the genus-level distance matrix explained the most
variance (P = 0.002, R2 = 0.0309), and post hoc analyses found that bacterial
communities of Fry significantly differed from Pre-Smolts (pairwise PERMANOVA, P =
0.036, R2 = 0.0197) and Smolts (pairwise PERMANOVA, P = 0.018, R2 = 0.0371).
Non-metric multidimensional scaling (nMDS) of genus-level Bray-Curtis dissimilarities
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correspondingly shows communities of each size class dispersed throughout ordinal
space, with Fry and Pre-Smolts showing a low degree of separation (Ch2. Fig5.).

Ch2. Figure 5. Ordination (nMDS) of genus-level Bray-Curtis distance matrix of the
juvenile O. mykiss fecal microbial communities. Pairwise PERMANOVA found that
bacterial communities of Fry significantly differed from Pre-Smolts (P = 0.036, R2 = 0.0197)
and Smolts (P = 0.018, R2 = 0.0371).
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EFFECT OF GEOGRAPHY ON FECAL MICROBIOMES
Alpha Diversity
ANOVAs were used to test the effect of geography on alpha diversity. The effect
of locale on richness was statistically significant at five hierarchical levels, from class
through ASV (P < 0.03). The effect of locale on Shannon Index was significant at genus
and AVS levels (P < 0.03). The effect of locale on family richness yielded the highest
effect size of 0.124, indicating that 12.4% of the variance in family-level observed
richness was explained by sampling locale (P < 0.001). Plotting mean family richness and
standard deviations showed that communities in most locales contained 5-10 bacterial
families, while the Klamath Lower average was slightly higher (Ch2. Fig6.). Post hoc
analysis confirmed that family richness of communities from the Klamath Lower locale
had 2-4 more bacterial families than five of the other seven locales (Tukey HSD, P <
0.05; Ch2. Tab1.). Confidence intervals from the pairwise comparisons show that the
greatest differences were seen when comparing Klamath Lower to Klamath Upper and
Eel River locales (Ch2. Fig7.). Sample sizes for locales were as follows: Klamath Upper
(12), Klamath Lower (20), Redwood Creek (18), Freshwater Creek (17), Eel River (59),
Walker Creek (32), Scott Creek (34), and Big Creek (42).
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Ch2. Figure 6. Observed bacterial alpha diversity at family-level of juvenile O. mykiss
irideus fecal microbiota in seven coastal river systems in California. Microbiomes from the
Klamath Lower locale were significantly more diverse than five other locales (Tukey HSD,
P < 0.05).
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Ch.2 Table 1. Richness, family-level, ANOVA (P < 0.001), TukeyHSD, confidence intervals,
n=234.

Pairwise Comparison
Klamath Lower-Klamath Upper
Redwood Creek-Klamath Upper
Freshwater Creek-Klamath Upper
Eel River-Klamath Upper
Walker Creek-Klamath Upper
Scott Creek-Klamath Upper
Big Creek-Klamath Upper
Redwood Creek-Klamath Lower
Freshwater Creek-Klamath Lower
Eel River-Klamath Lower
Walker Creek-Klamath Lower
Scott Creek-Klamath Lower
Big Creek-Klamath Lower
Freshwater Creek-Redwood Creek
Eel River-Redwood Creek
Walker Creek-Redwood Creek
Scott Creek-Redwood Creek
Big Creek-Redwood Creek
Eel River-Freshwater Creek
Walker Creek-Freshwater Creek
Scott Creek-Freshwater Creek
Big Creek-Freshwater Creek
Walker Creek-Eel River
Scott Creek-Eel River
Big Creek-Eel River
Scott Creek-Walker Creek
Big Creek-Walker Creek
Big Creek-Scott Creek

diff

lwr

4.0000
1.6389
0.5000
0.4397
1.5565
0.4773
1.6071
-2.3611
-3.5000
-3.5603
-2.4435
-3.5227
-2.3929
-1.1389
-1.1992
-0.0824
-1.1616
-0.0317
-0.0603
1.0565
-0.0227
1.1071
1.1168
0.0376
1.1675
-1.0792
0.0507
1.1299

0.8452
-1.5810
-2.7994
-2.3004
-1.3810
-2.4352
-1.2209
-5.1682
-6.3979
-5.8007
-4.9215
-5.9711
-4.7401
-4.1075
-3.5304
-2.6427
-3.6932
-2.4658
-2.5001
-1.6031
-2.6547
-1.4311
-0.8054
-1.8463
-0.5830
-3.2402
-1.9951
-0.8799

upr
7.1548
4.8588
3.7994
3.1797
4.4939
3.3898
4.4352
0.4459
-0.6021
-1.3199
0.0344
-1.0744
-0.0456
1.8297
1.1319
2.4779
1.3700
2.4023
2.3794
3.7161
2.6093
3.6454
3.0390
1.9215
2.9180
1.0818
2.0965
3.1397

p-adj
0.0034
0.7749
0.9998
0.9997
0.7369
0.9996
0.6617
0.1711
0.0066
0.0001
0.0563
0.0004
0.0422
0.9385
0.7652
1.0000
0.8547
1.0000
1.0000
0.9267
1.0000
0.8846
0.6357
1.0000
0.4569
0.7915
1.0000
0.6740

*

*
*
*
*
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Ch2. Figure 7. family-level observed richness of O. mykiss fecal bacterial communities
(ANOVA, P < 0.0001; Tukey HSD; n=234).

Community Composition
PERMANOVA of Bray-Curtis distances provided strong evidence that bacterial
beta diversity varied spatially. The eight sampling locales explained 14-16% of the
variance when evaluated at all levels excluding kingdom (P <= 0.001). Analysis of
phylum-level beta diversity produced the largest effect size, explaining 16% of the
variance in community composition (PERMANOVA, P = 0.001). Ordination of the
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associated distance matrix shows that most of the variance exists along a single axis,
suggesting that most bacteria in sampled communities belong to two phyla (Ch2. Fig8.).
The high density of points at each end of the axis indicate that many communities are
dominated by one of these bacterial phyla instead of both, but the distribution of points
along the axis between the extremities shows that some communities do contain at least a
moderate abundance of both phyla.
Post hoc comparisons of the phylum-level distance matrix showed that beta
diversity of communities from the Klamath Lower locale were significantly different
from the communities of four other locales. Freshwater Creek significantly differed from
the Klamath Lower, where roughly 36% of the variance in bacterial community
composition was explained by locale (P = 0.028, R 2 = 0.3611). Eel River significantly
differed from the Klamath Lower, where roughly 29% of the variance in bacterial
community composition was explained by locale (P = 0.028, R 2 = 0.2894). The Eel River
also differed from Big Creek, with 9% of the variance in bacterial community
composition was explained by locale (P = 0.028, R 2 = 0.0909). Walker Creek
significantly differed from the Klamath Lower, where 28% of the variance in bacterial
community composition was explained by locale (P = 0.028, R 2 = 0.2760). Scott Creek
significantly differed from the Klamath Lower, where 28% of the variance in bacterial
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community composition was explained by locale (P = 0.028, R 2 = 0.2835).

Ch2. Figure 8. Eight sampling locales explained 16% of the variance in fecal microbiota
beta diversity between 234 samples (P = 0.001, R2 = 0.16059; PERMANOVA).

Distances at lower levels demonstrate that fecal bacteria communities are shaped
by at least three taxonomic orders in three classes (Ch2. Fig9a.; Ch2. Fig9b.). Matrices
plotted for family and genus-level were similarly distributed, showing only slight
clustering of communities on the third centroid (Ch2. Fig9c.; Ch2. Fig9d.). The
association of points around the third centroid at class and order-level but not family and

88
genus suggests that at least one taxonomic order is compositionally important for many
samples, and that there is comparatively high between-sample variability in the families
found in this order. Conversely, the modest clustering of communities on the two other
centroids suggest that entire classes are dominated by relatively few genera which
strongly associate with communities from certain locales (Ch2. Fig9c.; Ch2. Fig9d.).
When reads weren’t agglomerated at any taxonomic level, communities aggregated
around the center of the ordination space while still clustering by locale (Ch2. Fig9e.).
Aggregation of all communities toward the center point signifies that the majority of
communities share similar taxonomic diversity and compositions. Clustering of
communities by locale within this larger pattern show that communities were generally
more similar within locales than communities compared between locales. Post hoc
analysis of order-level distances provided more evidence that Klamath Lower and Eel
River locales significantly differed from other locales (P = 0.0280; Ch2. Tab2.).
Comparisons of genus-level distances further supported this while identifying other
significant differences between locales that were only apparent at lower taxonomic levels
(P = 0.028, Ch2. Tab3.).
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Ch2. Figure 9. (a) class-level beta diversity (P = 0.001, R2 = 0.14451) (b) order-level beta
diversity (P = 0.001, R2 = 0.14889) (c) family-level beta diversity (P = 0.001, R2 = 0.14673) (d)
genus-level beta diversity (P = 0.001, R2 = 0.15582) (e) ASV-level beta diversity (P = 0.001,
R2 = 0.14333). Beta diversity calculated as Bray-Curtis dissimilarity matrices and significant
associations determined through PERMANOVA.
Ch.2 Table 2. Pairwise comparisons of order-level fecal bacteria community composition
for eight juvenile O. mykiss sampling locales. All comparisons shown were significant
(PERMANOVA, P = 0.001; pairwise PERMANOVA, Bray-Curtis).
Pairwise Comparisons
Eel River vs Big Creek
Eel River vs Klamath Upper
Eel River vs Redwood Creek
Eel River vs Freshwater Creek
Eel River vs Klamath Lower
Eel River vs Walker Creek
Big Creek vs Freshwater Creek
Scott Creek vs Klamath Lower
Redwood Creek vs Klamath Lower
Freshwater Creek vs Klamath Lower
Klamath Lower vs Walker Creek

Df SumsOfSqs
1
1
1
1
1
1
1
1
1
1
1

2.979
2.765
2.506
1.762
3.431
2.173
1.540
2.223
2.135
2.604
2.206

F.Model
11.419
11.197
9.695
6.938
12.638
7.828
5.797
7.390
7.108
8.913
6.837

R2 p.adjusted
0.103
0.140
0.114
0.086
0.141
0.081
0.092
0.124
0.165
0.203
0.120

0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028

Ch.2 Table 3. Pairwise comparisons of family-level fecal bacteria community composition
for eight juvenile O. mykiss sampling locales. All comparisons shown were significant
(PERMANOVA, P = 0.001; pairwise PERMANOVA, Bray-Curtis).
Pairwise Comparisons
Eel River vs Big Creek
Eel River vs Klamath Upper
Eel River vs Redwood Creek
Eel River vs Freshwater Creek
Eel River vs Klamath Lower
Eel River vs Walker Creek
Big Creek vs Redwood Creek
Big Creek vs Freshwater Creek
Big Creek vs Klamath Lower
Big Creek vs Walker Creek
Klamath Upper vs Klamath Lower
Scott Creek vs Klamath Lower
Redwood Creek vs Klamath Lower
Freshwater Creek vs Klamath Lower
Klamath Lower vs Walker Creek

Df SumsOfSqs
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

3.889
2.380
2.906
1.928
3.661
2.660
1.861
1.813
2.093
2.094
1.323
2.460
2.442
2.226
2.016

F.Model
13.680
8.846
11.499
7.463
12.196
9.274
6.249
5.929
5.860
6.323
3.350
7.193
7.181
6.283
5.358

R2 p.adjusted
0.121
0.114
0.133
0.092
0.137
0.094
0.097
0.094
0.089
0.081
0.100
0.122
0.166
0.152
0.097

0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
0.028
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EFFECT OF HOST MAR DIPLOTYPE ON FECAL MICROBIOMES
Alpha Diversity
There was no significant evidence that bacterial alpha diversity (Observed
richness and Shannon-Wiener Index) varied with MAR diplotype at any hierarchical
level (ANOVA). family-level observed richness differed spatially, but boxplots by MAR
diplotype showed high variability for each group around sample means that were not
significantly different (ANOVA, P = 0.293; Ch2. Fig10.).

Ch2. Figure 10. Observed alpha diversity at family-level for juvenile O. mykiss with three
MAR diplotypes. Means were not significantly different between MAR diplotypes
(ANOVA, P = 0.293).
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Community Composition
There was weak evidence that MAR diplotype had a small effect on fecal
microbiomes. Community compositions were compared for the three MAR groups at all
taxonomic levels, except kingdom. Analysis with reads agglomerated at family-level
produced the largest distances between groups upon calculating the dissimilarity matrix
(Bray-Curtis), but these differences were not significant (PERMANOVA; P = 0.052, R 2 =
0.01437). Multiple pairwise comparisons with the pairwiseAdonis() function in R found
that the MM to RM comparison had an adjusted p-value that was closest to the
significance level (P = 0.099, R2 = 0.01135). Ordination (nMDS) of the distance matrix
showed dispersion of communities from each group throughout the ordination space and
no obvious separation of communities by MAR diplotype (Ch2. Fig11.).
Lastly, exploring microbiome structure revealed that bacterial communities
appeared to vary by diplotype in the Big Creek population. The relative abundance of
bacteria belonging to phylum Firmicutes were lowest in MM microbiomes at 51.5% and
highest in RR microbiomes at 64.2% (Ch2. Fig12.). However, performing ANOVA
analysis on the logit transformed percentages of Firmicutes in samples from Big Creek,
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and then for the entire dataset, yielded no significant evidence that diplotype drives the
abundance of the most dominant bacterial clade within or between populations.

Ch2. Figure 11. Family-level Bray-Curtis Distance Matrix of all bacteria after rarefaction;
there was no significant effects of MAR diplotype on community composition (P = 0.051, Rsquared = 0.0145; PERMANOVA).
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Ch2. Figure 12. Relative abundance of Firmicutes in fecal microbiomes of juvenile O.
mykiss irideus having three diploytes of the migration associate region in Big Creek,
Monterey County, California. No significant differences in mean logit transformed
percentages of Firmicutes between diplotyes (ANOVA).

FINAL TWO-WAY ANOVAS WITH SIZE CLASS AND GEOGRAPHY
We performed two-way ANOVAs with interaction to test the effects of size class
and locale on alpha diversity which yielded no significant interaction effects. The tests
were performed again without testing for interaction effects (two-way ANOVA,
Observed Richness and Shannon-Wiener Index). Observed richness was significantly
affected by geography at class through genus levels, and size class at family through
ASV-levels (P < 0.05). There were also significant effects of geography on Shannon
Index at genus and ASV levels (P < 0.05, R2 ≤ 0.071). The largest total effect of
geography and size class was at family-level on observed richness (13.2%), where
geography explained 8.9% of the variance while size class explained 4.3% (P G = 0.0025,
PSC = 0.0121). PERMANOVA of Bray-Curtis distances showed significant effects of size
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class and geography on beta diversity at all hierarchical levels and no interaction effects;
kingdom-level was not tested. Conducting the analyses without testing for interactions
showed that size class and geography explained roughly 3% and 13% of the variance
across all levels, respectively, and p-values ranged from 0.027 to 0.001 (PERMANOVA,
Bray-Curtis).
CORE MICROBIOTA: MEAN RELATIVE ABUNDANCE AND PREVALENCE
Read abundances were consistent with clustering of communities in the phylalevel beta diversity matrix of Ch2. Figure 8, showing that most wild juvenile O. mykiss
fecal microbiomes in the study region are dominated by two bacterial phyla: Firmicutes
and Proteobacteria. The most prevalent bacterial phylum was Firmicutes (Bacillota), with
at least one species from this group being found in 97.4% of communities (228/234). At
least one Proteobacteria species was found in 86.3% of communities (202/234). The
dominance of the two phyla was often not shared within samples and the abundance of
either Firmicutes or Proteobacteria yielded two microbiome types (Ch2. Fig12.). The
prevalence of these phyla suggests that species within these clades may engage in
important trophic interactions with juvenile O. mykiss. Desulfobacterota and Bacteroidota
had prevalence values of 22.6% and 10.3%, respectively. These four phyla also had the
highest mean relative abundances and were the only phyla with values of 1% or greater:
Firmicutes (63.2%), Proteobacteria (30.1%), Desulfobacterota (3.1%), and Bacteroidota
(1.3%).
Seven classes had prevalence values of 5% or greater with three having values
substantially higher than all others: Bacilli (87.6%), Gammaproteobacteria (84.6%), and
Clostridia (74.3%). The other four classes occurred less than half as frequently:
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Alphaproteobacteria (30.8%), Desulfofovibionia (22.6%), Bacteroidia (10.3%), and
Brevinematia (8.5%). There were 18 orders, 23 families, and 19 genera with prevalence
values of at least 5%. The underclassification rate at these taxonomic levels were 4.8%,
13.8%, and 33.1%, respectively, resulting in fewer genera and potentially fewer families
than the number that were truly present in communities. The mean percentage of
unassigned reads at genus-level per sample was 13.6%.

Ch2. Figure 13. Ration of bacteria belonging to the phylum Firmicutes to Proteobacteria in
juvenile O. mykiss irideus fecal microbiomes collected from seven river systems along the
California coast (2017-2018). Bimodal distribution indicates two microbiome types
dominated by one of the two phyla whose variance was unexplained by any of the measured
host intrinsic factors or geography.
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Candidate Core Genera
Relative abundances (percentages) of the eleven most prevalent and abundant
bacterial genera were plotted as stacked bars by locale and size class (n = 201). Five
Firmicutes genera are blue hues: Bacillus, Enterococcus, Candidatus Bacilloplasma,
Mycoplasma, and Clostridium sensu stricto 1 (Ch2. Fig14a.; Ch2. Fig14b.). Clostridium
sensu stricto 1 and Bacillus had prevalence values of 68.4% and 62.0%, and were the
only two genera with values above 36%. Clostridium sensu stricto 1, Bacillus, and
Candidatus Bacilloplasma had the first, second, and fourth highest mean per samples
relative abundances at 26.5%, 18.4%, and 6.0%, respectively.
Six Proteobacteria genera represented a smaller percentage of total abundance at
most locales and for all size classes, but accounted for a greater portion of the bacterial
diversity. Deefgea was ubiquitous across all groups at moderate to low abundance, while
the occurrence and abundance of other Proteobacteria genera varied to a greater degree.
Lelliotia was highly abundance at the Klamath Lower locale but was absent from most of
the other groups. This location had the lowest sample size and contained a greater
proportion of smolt and transitioning juveniles, potentially explaining this difference (n =
7). The abundance of the top six taxa were relatively consistent across size classes,
despite an overall decrease in Clostridium stricto sensu 1 with size class (Ch2. Fig14b.).
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Ch2. Figure 14. (a) Relative abundances of 11 bacterial genera across eight sampling locales
(n = 201). (b) Relative abundances of 11 bacterial genera summarized at four size classes (n
= 201).

COMPARISONS TO RIVER MICROBIOMES
Fecal microbiomes differed in composition and diversity when compared to the
bacterial communities in their environment. The most abundant phyla in fecal samples
were Firmicutes and Proteobacteria, while the most abundant phyla in river water were
Bacteroidota and Proteobacteria (Ch2. Fig15a.; Ch2. Fig15b.). None of the ten genera
that occurred most frequently in river water were in the top 39 most prevalent genera in
fecal microbiomes. The most prevalent genus in river water was Flavobacterium at
6.84%, which was present in 1.71% of fecal communities. The mean prevalence of the
ten most frequently occurring genera in river water was 3.63%, while the mean
prevalence of the top ten fecal genera was 31.75%. The mean of means for the ten genera
in water samples with the highest mean per sample relative abundances was 4.69%, and
the most abundant genera was Flavobacterium at 15.29%. One bacterial group,
Clostridium sensu stricto 1, was the only genera in the top ten most abundant genera for
both water and feces. Clostridium sensu stricto 1 had the highest prevalence and mean
relative abundance in O. mykiss feces, and was the fifth most abundant genera in river
water microbiomes. None of the other top genera in water samples were present in the 18
most abundant genera in O. mykiss feces.

100

101
Ch2. Figure 15. (a) Relative abundance of bacterial phyla in wild juvenile O. mykiss feces.
Samples were collected from eight sampling areas in seven watersheds (n = 234). (b)
Relative abundance of bacterial phyla in river water samples collected from each sampling
locale (n = 21). Phyla colors are consistent between figures.

Discussion
The characterization of gut microbiota in O. mykiss has seemingly produced as
many different results as there are studies for this topic. Still, there is expressed need for
exploring the microbiomes of wild populations to confirm whether a “true” core gut
microbiome exists and how microbiome characterization can benefit aquaculture and
conservation (S. Wong et al., 2013). This is the first investigation of wild O. mykiss
irideus intestinal microbiomes in a large portion of their southern range that encompasses
ESA listed populations. We substantially expand the map of wild populations that have
been studied, which has helped contextualize previous research and evaluate aspects of
microbiome characterization for their utility in the species’ conservation. For the range of
results that already exist, there are studies which both agree and disagree with our
findings, but we feel our use of the most contemporary molecular and analytical methods
deliver our results with credibility.
HOST INTRINSIC AND SPATIAL EFFECTS ON GUT MICROBIOTA
Differences in microbiome structure between sampling locales sheds light on how
their physical environment, diet, and lineage may be driving the significant spatial
variability found in the present study. Habitat (i.e., locale) was a strong predictor of gut
microbiota variability for many species of fish in a recent study (P. S. Kim et al., 2021).
Stream ecology is a challenging-to-study spatial characteristic that is a potential, or even
a likely, driver of gut microbiota in wild vertebrates which inhabit lotic systems. This
complex factor can sometimes be simplified as the overall biological health of the system
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if the natural environmental and ecological characteristics of the sampled habitats are
meant to analogous under ideal conditions. For example, biological health can explain
spatial differences in condition within some salmonid populations, including gut
microbiota (Giang et al., 2018). Overall, stream locales sampled in the present study were
believed to be relatively pristine. California Stream Condition Index (CSCI) scores are a
measure of stream biological health in California and values for the sampled streams
ranged from possibly altered (0.83) to likely intact (1.09) (Rehn et al., 2015). These
scores indicate that the biological health of these streams is relatively good and
comparing the possibly altered Freshwater Creek locale (CSCI = 0.83) to the
geographically close and likely intact Redwood Creek locale (CSCI = 1.01) shows little
difference in bacterial communities. While the health of sampled streams were similar
and not a likely source of variation, major differences in stream health may still drive
disparities in O. mykiss gut microbiota if those comparisons are made in future studies.
Furthermore, the natural physical and biotic characteristics that vary by stream may be
important for describing the observed spatial and between-individual variability of gut
microbiomes.
We found that bacteria in river water were different from O. mykiss gut
microbiomes and not a strong determiner of spatial variability. This was especially true
for the dominant bacterial genera of each sample type, which were ubiquitous across
locales but not congruent between gut microbiomes and river water. This is in-line with
wild salmonids in other regions, where only 11% of bacteria were conserved between fish
guts and water (Vasemägi et al., 2017). In addition to river microbiomes, the stream and
surrounding riparian habitat where juvenile O. mykiss rear can support a wide variety of
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aquatic, terrestrial, and subterranean invertebrate prey. Contemporary work suggest that
diet and environment are strong drivers in gut microbiota for certain species, but the
stream and riparian habitats for which O. mykiss prey originate often yield similar prey
assemblages across populations (R. M. Brown et al., 2019a; Ingerslev et al., 2014;
Navarrete et al., 2012). A study by Lavoie et al. showed that captive-reared salmon fed
pellets that were later stocked as juveniles into a wild environment and salmon from the
same population but different parents which were stocked as unfed fry into the same
environment had different microbiomes after coexisting in the wild (Lavoie et al., 2021).
The high level of variability in gut microbiomes that we observed between individuals
may follow this, where O. mykiss of the same age class and inhabit that same stream
reach likely encountered similar prey but displayed drastically different bacterial
assemblages. Though the differences seen by Lavoie et al. may be from hatchery or
genetic effects, they also showed that the microbiomes of captive-reared fish were
resilient to the shift from feed pellets to natural prey when recaptured. This is
corroborated by other recent studies and together suggest that diet is not a strong driver of
overall structure or temporal variation of salmonid gut microbiota in naturalistic settings
(Terova et al., 2019; S. Wong et al., 2013). Furthermore, the diversity and composition of
wild juvenile coastal O. mykiss diet varies strongly with size class (Rundio & Lindley,
2019). But, we reveal that size class had only a small significant effect on microbiome
diversity and composition, offering weak evidence that diet drives the gut microbiomes
of juvenile O. mykiss irideus in coastal California.
We reveal that the diversity of gut microbiomes increases slightly with fork length
and that this difference was most apparent when evaluating bacterial families. This
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pattern is observed across many vertebrate species and often is attributed to gut volume
(Godon et al., 2016). Diet may be contributing to these small differences too, since
juvenile O. mykiss irideus diet diversity increases with fork length and is believed to have
a relatively small effect as stated previously (Rundio & Lindley, 2019). We did not find
strong support for an effect of genetic sex, sibling relatedness, or MAR diplotype, but our
dataset does suggest that other heritable factors influence community structure. Sex
significantly influences gut microbiota in other fishes under experimental conditions, but
our results are consistent with the paucity of sex-related effects reported in the literature
for O. mykiss (Ma et al., 2018). Though, life-stage may be an important factor for
detecting this effect and we targeted fish before sexual maturity. Future research on wild
adults may be necessary to verify the relative insignificance of sex in determining wild O.
mykiss gut microbiota.
Heritable factors from captive O. mykiss are shown to influence the diversity and
structure of gut microbiomes between siblings over multiple generations, but we did not
detect these effects when comparing the microbiomes of siblings and non-siblings within
the same watershed (Navarrete et al., 2012). We had low sample replication within fish
families and were only able to test for effects of sibling relatedness at three locales due to
this. Though parentage (i.e., sibling relatedness) does not appear to drive major trends in
gut microbiota variability in wild juveniles, higher per-family sample replication may be
necessary to detect the same effects displayed in captive systems. There was no
significant evidence that the migration associate region was associated with differences in
gut microbiota despite this gene region being deeply intertwined with host physiology
during early development. Many of the morphological and physiological differences
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between migratory and resident juveniles are most apparent at the time of migration
(Kendall et al., 2015). The mean FL of juveniles at ocean-entry is ~150 mm for most
populations while the mean FL in this study was 71.8 mm and the final dataset of 234
samples contained only seven samples from juveniles greater than 110 mm. Future
studies targeting MAR effects on microbiomes should sample during the winter and
spring at the time of, or immediately prior to, their anticipated ocean-entry to target larger
individuals undergoing smoltification. Still, this is consistent with other results from the
present study where known facets of host biology fail to explain the high variability of
gut microbiota within populations.
Kim et al. (2021) also found that physical environmental variables explained
7.43% of the variance, while Vasemägi et al. (2017) provide some evidence that brown
trout gut microbiota variability correlates with dissolved oxygen, water temperature, and
river morphometry (catchment area, river length, and number of dams). While
environmental metrics were not measured for the present study, the strict environmental
conditions that rearing juveniles demand has left many of the streams where O. mykiss
irideus populations still exist to share the abiotic physical characteristics that otherwise
may drive differences in fish gut microbiota (Hayes et al., 2008). Support for this can be
seen in our study where even the more phylogenetically diverse river water microbiomes
discussed previously, that are likely more prone to being freely modulated by
environmental conditions, show a surprising degree of stability in diversity and structure
across the study region.
More broadly, our results suggest that there may still be intrinsic factors which
drive gut microbiota variability within populations and across broad spatial gradients. We
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produce some evidence for there being two microbiome types that aren’t explained well
by any of the measured variables and may be evidence for an undescribed host intrinsic
factor (Ch2. Supp. Fig1.). Most microbial communities were comprised of bacteria from
two phyla and for many of these communities, species from one phylum dominate over
the other. Kirchoff et al. (2022) had a similar finding 200 miles north of our northern
extent, lending further authenticity to its existence as a persistent feature of the O. mykiss
irideus microbiome. There they identified two distinct microbiome types, and possibly a
third, through cluster analysis that were unexplained by hatchery or drainage. The
dominant bacterial clades in their study were Proteobacteria, Bacteroidetes, Firmicutes,
Tenericutes, and Actinobacteria, but exploring these communities further suggests that
the two microbiome types in their study are driven by the abundances of multiple phyla
or classes. Distributions of the top ten most abundant phyla, except Proteobacteria, were
right skewed and in some cases zero-inflated, while Proteobacteria abundances were
normally distributed. Additionally, Proteobacteria classes were dominated by
Alphaproteobacteria and Gammaproteobacteria, along with modest abundances of
Betaproteobacteria and Deltaproteobacteria. Proteobacteria found in the current study
were almost entirely Gammaproteobacteria with low abundances of Alphaproteobacteria.
What we see from this is O. mykiss irideus microbiomes are highly variable over large
geographic distances within their natural range, but there appear to be unknown intrinsic
factors that produce at least two distinct microbiome profiles (i.e. types or clusters). The
composition of these profiles can be different between spatial divides, as seen between
the present study and the study by Kirchoff et al (2022). which may be evidence of local
adaptation. There are many examples of local adaptation by vertebrates alone as well as
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through host-microbe interactions (Aagaard et al., 2022; Houwenhuyse et al., 2021;
Wadgymar et al., 2022). While the general outcome an unknown O. mykiss intrinsic
factor (e.g., male or female) may be different microbiome profiles that support this
component of the host’s biological diversity, the environmental and ecological setting
under which different populations exist may determine the composition of bacteria which
achieves the desired fitness-relevant outcome for each host type. Through this
framework, local adaptation through lineage-specific coevolved microbiome types may
explain the differences in bacterial diversity and composition between our study and
populations to the north while maintaining the same overarching feature in the dataset,
being two microbiome types.
CORE MICROBIOTA
We find that the O. mykiss irideus gut microbiome in California coastal streams is
dominated by two phyla, but in the broader context we find little support for their being
invariable core bacterial clades. The dominance of Firmicutes and Proteobacteria is
partially in-line with what we expected, as the wild vertebrate gut microbiome is often
cited as having a dominance or codominance of Firmicutes and Bacteroidetes (Ley et al.,
2008). While the supremacy of Firmicutes abundance is an expected result in wild
vertebrates, it is not a common finding for O. mykiss. A review performed a few years
before this study began found that the overall consensus is rainbow trout gut
microbiomes are dominated by Bacteroidetes, Proteobacteria, Firmicutes, and
Actinobacteria in decreasing order (Ghanbari et al., 2015). Firmicutes were rarely the
dominant phyla in the cited studies; O. mykiss gut microbiomes exhibit increased
abundances of Firmicutes when fed plant-based diets rather than diets consisting mostly
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of fish-meal (Desai et al., 2012; Pierce et al., 2008). We found that Bacteroidetes and
Actinobacteria occurred at moderate to low abundances in fewer than 11% of samples,
while Firmicutes and Proteobacteria were present in 97% and 86% of samples, often at
moderate to high abundance. The unpublished dissertation by Yildirimer characterized
intestinal microbiomes in Oregon and Washington from two subspecies: coastal rainbow
trout (O. mykiss irideus) and inland rainbow trout (O. mykiss gairdneri) (Yildirimer,
2017). Overall, they show Firmicutes as the most abundant bacterial phylum, with a mean
abundance of 60.1% compared to the 63.2% we document. Summarizing read counts
from their available dataset reveals that Firmicutes in O. mykiss irideus averaged 57.9%
while O mykiss gairdneri averaged 71%. This shows some division between subspecies
and that Firmicutes in Oregon coastal rainbow trout are the dominant bacterial phyla.
Further analysis of this dataset shows that Firmicutes and Proteobacteria are highly
prevalent, 100% and 76%, as well as Actinobacteria and Bacteroidetes at 70% and 57%.
However, a third study of juvenile natural origin and hatchery broodstock O. mykiss
irideus gut microbiomes in three drainages on the Oregon coast focusses on spatial and
hatchery effects (Kirchoff et al., 2022). Exploring their available dataset introduces some
additional uncertainty but also contributes further to rationalizing the inconsistency we
observe between studies. The study region partially overlapped with that of Yildirimer
where Proteobacteria were most abundant at 60.4% followed by Bacteroidetes and
Firmicutes at 14.1% and 7.4%. Proteobacteria were in all samples, followed by
Bacteroidetes and Firmicutes at 93.4% and 85.3%. Comparing all three studies at lower
taxonomic levels becomes more difficult to interpret as there were zero genera that were
prevalent or abundant across all three studies. Given these comparisons, bacterial clades
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are not ubiquitous across the species or subspecies in wild populations, but
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria together still appear to be
important intestinal symbionts of wild O. mykiss that have broad spatial variability and
have potentially overlapping functional characteristics in the O. mykiss gut.
POTENTIAL PATHOGENS AND PARASITES
Many bacterial genera that are previously described as harmful or pathogenic to
Salmonids were detected in microbiomes and river water, but there still is not consensus
on their function roles. Candidatus Bacilloplasma and Aeromonas are believed to be
associated with intestinal dysbiosis of freshwater fishes, especially in aquaculture, and
were found among the top six bacterial genera of the sampled microbiomes (Colin et al.,
2022; Naviner et al., 2006). Yersinia and Brevinema are known fish pathogens and were
seen at moderate abundances as well (R. M. Brown et al., 2019b). Apicomplexa are
alveolates and known parasites of Salmonids, but their disease status in wild O. mykiss
populations is understudied (Xavier et al., 2018). Apicomplexa were prevalent in 15.3%
of samples and accounted for 2.2% of microbiomes on average before being removed
from the dataset for bacterial community analysis. The harmful microorganisms listed
above tend to occur in freshwater, making their prevalence in the wild juvenile O. mykiss
populations a likely issue for steelhead recovery. Disease load tends to be positively
correlated with the warming of water, and infection rates of resident trout and steelhead
may fluctuate due to differences in ontogeny and life history (Kocan et al., 2009).
Furthermore, the sympatry of both life history types in some populations, but not all, may
contribute to differences in disease prevalence and susceptibility between drainages.
There are a multitude of bacterial genera which sporadically yield prevalence or
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abundance values in microbiome studies that qualify them as ecologically important taxa
for O. mykiss. Though their appraisal as symbionts or pathogens is inconsistent, we
recommend that future research directly investigate the functional roles and covariance of
recurrent bacteria labels to better identify microbiome members that are relevant to
management and conservation. Additionally, a substantial number of reads go
unclassified at genus-level in many studies; an average of 13.6% of reads per sample
were unclassified at genus-level in the present study. This is an important matter since
studies utilize many of the same resources for assigning taxonomic labels to sequence
reads and ecologically significant members of the microbiome may be going undetected.
To combat this, we urge studies to continue their contributions of high-quality sequence
data to large public databases and streamline methods for detecting and correcting
misclassified sequences.
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